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Sumber Jaya (54,194 hectares) is a district in West Lampung, Indonesia. Sumber Jaya 
is located at the upper part of Tulang Bawang watershed, known as Way Besai 
watershed and this watershed is a major water resource for Lampung Province. 
Sumber Jaya has recently become a focal point of discussion because of the 
widespread conversion of forestland to coffee plantations and human settlements and 
the associated environmental and hydrological problems.  This research aimed to 
evaluate Sumber Jaya watershed condition affecting by rapid land cover change using 
hydrological methods.  The evaluation will include investigating rainfall spatial and 
temporal distributions as the input to the watershed and rainfall-runoff relation using 
different methods. There were two parts of data for investigating the effect of land use 
change on hydrological processes in Sumber Jaya watershed.  Previous study used 
secondary daily and monthly data of rainfall and water discharge from 1984 – 2002; 
while field work has been done in 2005 to directly investigating rain distribution and 
its relation with water discharge.  To obtain a numerical measure of closeness pattern 
between rain gages and between rain and water discharge, correlation coefficients were 
calculated. From the field work data analyses expanded to calculate rain time 
displacement and spatial distribution; while rainfall – water discharge analysis 
included hydrograph analysis, unit hydrograph and scaling factor.   
 
To determine the values of time-displacements (temporal scale), auto-correlation of 
rainfall data from each gage was calculated. The auto-correlation with increasing time 
lags were calculated until they had the closest values to the cross correlation.  Spatial 
distribution of rainfall was analyzed by kriging techniques. General rainfall-discharge 
 v 
correlations were calculated by coefficient correlations of the continuous time series of 
the rainfall and discharge. Also, stream discharge and rainfall during individual storms 
in each catchment were plotted and quantitative hydrograph analysis was calculated. 
Unit hydrograph was used to calculate discharge from a given excess rainfall. First, 
unit hydrograph in this study was computed by IHACRES model. IHACRES 
expressed the relationship of rainfall and runoff in: peak response, recession rate, time 
constant and relative volume of quick and slow flow. Second, linear spatially 
distributed model will be applied to investigate the outflow hydrograph from 
catchment series. Third, unit hydrograph for a catchment can also be constructed from 
observations of input and response for several significant storms of approximately 
equal duration. 
 
From the analysis of rainfall distribution it can be concluded that rainfall in Sumber 
Jaya is distributed heterogeneously and probability of getting heavy rainfall was lower 
than light rainfall. Most of the rain was convective rain which was short and local.  
Therefore, it can be concluded that rain in this area should not consider as the only 
factor causing environmental problem such as flood and land slides in this area. For 
ordinary conditions, rain did not fall homogenously over the entire catchment area.  In 
the lower part of the catchment the intensity was moderate (42 mm/day) during the dry 
season and (61.2 mm/day) at the beginning of the rainy season, while in the mountain 
area rain fall at higher intensity (101.4 mm/day) during the dry season and (113.6 
mm/day) at rainy season.    Rain intensity might increase extensively following 
climatic cycle (i.e. every 5 years), for example in 2002 rain intensity was 150 mm/day.   
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From the time series analysis of rainfall – water discharge in the period of 1984-2002 
it can be concluded that water discharge did not follow the pattern of rainfall; soil was 
able to hold the water before it flew to the river.  The field work in 2005 resulted that 
most of the stormflow from these catchments consisted of slow flow. A maximum of 
about 50% of the effective rainfall became quick flow, and only 1 to 10% of remaining 
effective rainfall which was routed as slow flow contributed to hydrograph peaks; the 
rest was stored. Comparing peak responses and recession rates, stormflow discharge 
was generally increased more slowly on the rising limb of the hydrograph and 
decreased more rapidly on the falling limb. This response pattern indicates that the 
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I.1  Research Background 
 
Land use changes have been continuous since the beginning of civilization, especially 
for agricultural activities (e.g., Bellot, et al., 2001). Changes in land use and resulting 
land cover throughout the world have caused important effects on natural resources 
through deterioration of soil and water quality, loss of biodiversity, and in the long-
term, through changes in climate systems. This situation has stimulated research that 
aims to better understand the factors driving land use and cover change and the effects 
of these changes on the environment (de Koning et al., 1998). 
 
Even though land use change is occurring in many places of the world, the greatest 
concerns are in tropical forests because these areas have many important functions. 
Tropical regions and their forests provide a major control for regional and global 
climate. Examples of services supplied by tropical forests include: (1) habitat and 
homes for many life forms, including local and indigenous people; (2) sources of 
timber and pharmaceutical products; (3) carbon sinks; and, most importantly, (4) 
maintenance of natural ecosystem services (Salati and Vose, 1984; Janzen, 1986; 
Balick and Mendelshon, 1992; Alcorn, 1993; Fearnside, 1997; Laurance, 1999). 
However, the destruction of tropical forests continues. At the global scale, an average 
of 15.4 million ha of tropical forests is destroyed each year, while another 5.6 million 
ha is logged and converted to another forest cover. The net rate of forest conversion 
(21 million ha/year) implies that about 1.2% of all remaining tropical forests are 
cleared or logged annually. In total, the American tropics have the highest area of 
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forest conversion, but since tropical forests in Asia are more limited, these forests have 
the highest relative rate of conversion and logging (Laurence, 1998; Laurence, 1999; 
Leopold, 2001).  
 
At the local and regional scales, forests are crucial for maintaining the stability of 
rivers and watersheds. National and regional concerns for forest conversion and 
reforestation most often focus on the loss of the watershed functions of natural forests. 
The loss of watershed functions can be a combination of on-site concerns such as loss 
of land productivity because of erosion, off-site concerns related to water quantity 
(annual water yield, peak/storm flow, dry season base flow and ground water 
discharge) and concern about water quality including siltation of reservoirs 
(Krairapanod and Atkinson, 1998; Susswein et al., 2000). 
 
 
I.1.1 Forest Conversion in Indonesia 
 
According to data presented by the NGO “Global Forest Watch” (Matthews, 2002), 
Indonesia is one of the five countries in the world with the richest tropical areas. 
However, Indonesian forests also have the highest rate of area change (Table 1.1). 
Forest exploitation in Indonesia began in the early 1970’s due to development of the 
wood processing industry. Today, Indonesia is a significant producer of tropical 
hardwood logs, saw wood, plywood, other dimensional lumber, and pulp for 
papermaking. More than half of Indonesia’s forests, some 54 million hectares, are 
allocated for timber production (although not all are being actively logged), and a 
further 2 million ha of industrial wood plantations
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mostly pulpwood. After only two decades of timber extraction in Indonesia, the vast 
natural forests have been severely degraded. The Indonesian government tried to solve 
this problem by implementing regeneration systems: TPI (Indonesian Selective 
Cutting) which was later replaced by a modified system, TPTI (Indonesian Selective 
Cutting and Planting). However, both of these systems did not address the underlying 
problems. Instead, illegal logging became a more common practice and industrial 
logging together with the introduction of agricultural plantation crops including tea, 
coffee, rubber, and oil palm are major causes of forest conversion in Indonesia. 
 
 
Table 1.1 Tropical forest area in 2000 (thousands of hectares) and average annual 
change (%) in forest area (1990-2000) 
 
Country Forest area Average annual 
change 
Brazil 543,905 -0.4 
DRC 135,207 -0.4 
Indonesia 104,986 -1.2 
Indonesia (GFW estimate 1997 data) 98,255 -1.7 
Angola 69,756 - 0.2 
Peru 65,213 - 0.4 
Source: Global Forest Watch (2000) 
 
Forests are one of the natural resources of Indonesia that should be used for national 
development. However, a corrupt political and economic system has caused forest 
conversion without maximal results. For example, nearly 9 million ha of land, much of 
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it natural forest, has been allocated for development as industrial timber plantations. 
This land has already been cleared, yet only about 2 million ha of land have been 
planted with fast-growing species, mostly Acacia mangium, to produce pulpwood. The 
implications have been that 7 million ha of the former forestland lies idle, nearly 7 
million ha of forest was approved for conversion to estate crop plantations by the end 
of 1997, and this approved land has almost certainly been cleared. However, the area 
actually converted to oil palm plantations since 1985 is about 2.6 million hectares, 
while new plantations of other estate crops probably account for another 1-1.5 million 
ha. These statistics imply that 3 million ha of the former forestland lies idle, while no 
accurate estimates are available for the area of forest cleared by small-scale farmers 
since 1985, but a plausible estimate in 1990 suggested that shifting cultivators might 
be responsible for about 20 percent of the forest loss. This would translate to clearance 
of about 4 million ha between 1985 and 1997. Large-scale plantation owners have 
turned to the use of fire as a cheap and easy means of clearing forests for further 
planting. Deliberate burning, in combination with unusually dry conditions caused by 
El Niño events, led to uncontrolled wildfires of unprecedented extent and intensity. 
More than 5 million ha of forest burned in 1994 and another 4.6 million ha burned in 
1997-1998. Some of this land is regenerating as scrub forest and small-scale farmers 
have colonized other portions of this land, but there has been little systematic effort to 
restore forest cover or establish productive agriculture areas. Another contribution to 
forest degradation in Indonesia was the transmigration program that relocated people 
from densely populated Java to the outer islands. This program was responsible for 
about 2 million ha of forest clearance between the 1960s and 1999 when the program 
ended. Thus, in general, Indonesia loses nearly 2 million ha of forest annually 
(Matthews, 2002). 
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The consequences of these activities are obvious. A report from the Indonesian 
government, National Coordination Board for Natural Disaster relief, and UNHA 
(United Nations, Department of Humanitarian Affairs) showed that at least 18 disasters 
related to floods and landslides occurred in various places between 1984 and 2003. 
Fatalities were common in these disasters. 
 
Forest distribution on Indonesia's main islands is uneven. Forests cover more than 47% 
of Sumatra, although coverage ranges from 30.6% in Southern Lampung to 68.6% in 
West Sumatra. Similar to most of Indonesia, Sumatra faces problems related to forest 
conversion. The two major causes of land use change/forest conversion in Sumatra are 
transmigration projects and the opening of land for crop plantations.  
 
Since the beginning of the 20th century, the Dutch colonial government commenced a 
project aimed at establishing “colonies” of settlers from Java in the other islands. The 
need to relieve population pressure in Java motivated this project; on the other hand, 
this project also helped the Dutch companies to obtain cheap labor for their 
plantations, which they started to open in Sumatra. Most of the first Dutch settlements 
were built near Lampung in Southern Sumatra. From 1905 to 1940, 173,959 migrants 
from Java settled in Lampung. The transmigration project continued under different 
names after Indonesia gained independence; this reflected the government’s 
uncertainty and lack of preparation. The only guiding concept was that Java’s 
population problems could be solved by transferring people to the other islands in 
Indonesia (Hardjono, 1977). In reality, many problems arose after the transmigration 
projects, especially in Lampung, as this area continued to be the focus of the project. A 
census in 1930 indicated that 36.2% of the total population in Lampung (361,000) was 
 6
people from different areas in Java. In 1971, this figure increased to two-thirds of the 
total population (2,777,085). The government did not sponsor some of the migrants; 
some were independent settlers who migrated of their own free will (Hardjono, 1977).   
 
Eventually, the population in the settlement area became too dense; finally, in 1986, 
the provincial government of Lampung closed the province to immigrants. The entire 
project was originally planned as an irrigated-rice settlement, but the government 
failed to provide the necessary irrigation system. Furthermore, not all farmers had the 
skills to convert land to wet-rice cultivation. This condition forced immigrants to plant 
cassava since dry-rice yields were too low to sustain their livelihood. Additionally, 
farmers subsisted by moving out from the settlement areas and opening or purchasing 
land in the surrounding area. Since no land deeds were ever issued to the immigrants, 
disputes over land claims occurred (Hardjono, 1977). Consequently, the transmigration 
project, which led to a population increase in Lampung from 2,456,000 in 1971 to 
5,318,000 in 1990, and more than 6.7 million in 2001 (Pemda TK I Lampung, 1992; 
BPS Propinsi Lampung, 2001), was the major initial driving force of land use changes 
in Lampung Province. 
. 
I.1.2 Forest Conversion in Sumber Jaya 
 
Sumber Jaya is a district in West Lampung, Sumatra. The long mountain range in 
Sumatra, Bukit Barisan, runs north to south on the western side of Sumatra and 
Sumber Jaya is located at the end of this range. Sumber Jaya (54,194 hectares) is 
located at the upper part of Tulang Bawang watershed, known as Way Besai 
watershed. Tulang Bawang River drains an area of 998,300 ha which consists of four 
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districts (Pasya et al, 2004). Therefore, the local government considers Sumber Jaya a 
major water resource for Lampung Province and an electric power generation plant 
was built in this area. Sumber Jaya has recently become a focal point of discussion in 
local and national governments. These discussions center on the widespread 
conversion of forestland to coffee plantations and human settlements and the 
associated environmental and hydrological problems.   
 
About 100 years ago, most of the Sumber Jaya area was dense tropical forest. The first 
settlement in this area was in 1891 by a local ethnic group called “Semendo” who 
migrated from the southern area. Since 1951, the National Reconstruction Bureau 
launched a transmigration program for military veterans from west Java (Kusworo, 
2000). Indonesian’s first president, Sukarno, visited this area in 1952 and formally 
opened this new area and gave the name Sumber Jaya that means a source of 
prosperity (Fay and Pasya, 2001). Even though this area is not the destination of 
transmigration projects any more, spontaneous immigrants from Java and Bali islands 
continue to build settlements in this area. These people were the second or third 
generations of the previous settlers who were interested in the fertile lands. They 
worked harder and opened distant lands, which was too difficult for their predecessors. 
They utilized the hilly landscape, which the first settlers (Semendo ethnic group) did 
not exploit. Coffee was planted on the hillslopes and paddies were constructed in the 
lower flat areas (Verbist and Pasya, 2004). 
 
In Sumber Jaya, the population almost doubled in a 10-year period from 37,550 in 
1978 to 71,651 in 1988. The annual growth between 1988 and 1998 was less than 
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0.15%, which indicated migration out of the area. The temporary population decreases 
in 1994 and 1996 were attributed to forced evictions (Verbist, 2001).    
 
Coffee plantations continue to support local economies with short-term economic 
returns even in the current monetary crisis; in fact, the profitability of coffee 
plantations brought many people to Sumber Jaya (Budidarsono et al, 2000). Coffee is 
also one of the main products of Lampung Province; 15% of Indonesian coffee 
production in 2001 came from Lampung (Verbist et al, 2002). However, the long-term 
sustainability of such forest conversion practices is indeed questionable. 
 
The rapid rate of forest conversion to coffee plantations after 1976 triggered a conflict 
between the provincial forest department and the settlers. The officers accused the 
local people of not employing conservation practices in managing these formerly 
forested areas, thus leading to rapid degradation and destruction of watershed 
functions. Without any communication with the local people, the government declared 
new forest borders to prevent the area from being further degraded; this action caused 
a serious conflict between government and the local people from 1990 to 1996 
(Kusworo, 2000). After the political transformation from the “New Order 
Government” to the “Reformation Period” in 1997, the euphoria of being “free” 
generated even faster forest conversion than previously because the former settlers 
returned to Sumber Jaya and reclaimed their right to use the land, replanting the areas 
with new coffee trees and/or grafting the still active stumps. Even though the 
government claimed that they had restored the area, no evidence could be seen from 
satellite images of the area obtained in 1997, 1999 and 2000 (Verbist and Pasya, 
2004).  
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Preservation of watershed functions and erosion control are the two major arguments 
for retaining forests in Sumber Jaya as protection areas. Environmental degradation in 
Sumber Jaya, including the flood in February 2002 that damaged the power plant and 
caused a serious shortage of electricity in Lampung Province as well as periodic water 
deficits needed to drive the turbines during the dry season, motivated local 
governments to blame coffee farmers. Such accusations create conflicts between local 
forestry officers and villagers who claim that the previous government officials 
officially transferred some parts of the land within the forest zone to them and thus 
they have the right to manage the lands as they wish (Kusworo, 2000). In this situation, 
even though forests are important for many reasons, preventing the people from 
securing a livelihood from forests in this region will not solve the problems; it even 
will complicate the social problems. In Lampung Province, conflict between local 
people and the forest department that started in 1993 continues until recently 
(Kusworo, 2000). Therefore, a compromise needs to be reached based on intensive 
research and observations in areas that have actually undergone such widespread land 
use changes. 
 
ICRAF (International Center of Research in Agroforestry) is an international 
institution that intensively conducts research in this area. ICRAF conducts strategic 
and applied research in partnership with national agricultural research institutions and 
local universities to promote sustainable and productive land use. ICRAF has 
undertaken research on catchment management since the mid-1990s. Main ICRAF 
research findings have been published in a number of outlets, examples include: the 
historical perspective of opening the forest area in Sumber Jaya (Verbist and Pasya, 
2004); reasons of land cover changes and their impacts on the watershed (Verbist et 
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al.,2004; Farida and Van Noordwijk, 2004; Widianto et al., 2004); impacts of coffee 
plantations on soil surface properties (Afandi et al., 2000; Dariah et al., 2004; Hairiah 
et al., 2004; Suprayogo et al., 2004). 
 
From field studies and observed data, ICRAF also built models such as WANULCAS, 
SPATRAIN, GENRIVER that are important in understanding and predicting some 
phenomena on the watershed.  ICRAF is also involved in helping the local government 
and proposed a negotiation support system as a strategy for resolving the conflicts 
(Pasya et al., 2004). 
 
ICRAF’s research previously focused at the plot and farm-level scale to describe and 
better understand interactions among trees, water, and soil. However, most of the 
results of biophysical studies are drawn from studies at the plot scale, which might not 
completely reflect the real conditions because results from plot scale could not directly 
scale up to the watershed scale (e.g., Sidle et al., 2006). When investigating the effects 
of land use, many of the results from small areas cannot been reproduced in larger 
catchments, where single land uses seldom apply, and the averaging resulting from the 
heterogeneous conditions often masks the effects of individual land uses (Pilgrim et al, 
1982). 
 
In a larger-scale project, Alternatives to Slash and Burn Programme, ICRAF and its 
partners have gained an understanding of the relationships between land use and 
environmental services of global interest, particularly carbon sequestration and 
biological diversity. However, it has become increasingly obvious that much of the 
debate and conflict over land use in the tropics revolves around the effects of  land use 
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on environmental services that are important beyond individual farms, but not at the 
global level. Watershed protection is the most important of these services (Van 
Noordwijk et al., 2000).   
 
Process of runoff generation can be identified from plot or small-scale catchment 
measurements.  Here, soil parameters, which determine the infiltration process, are the 
most relevant physical characteristics. At the hill-slope scale, it is possible to study 
interactions of soil characteristics and vegetation/land cover to understand the lateral 
flow of runoff generation. At larger scales, investigation of the various components of 
the runoff concentration process is possible; here, the stream/river network and 
catchment geomorphology are the most important factors (Schumann, 2000). 
 
As watershed management becomes more critical, studies need to progress to the 
catchment scale; the most common variables in hydrology research in larger scale 
studies are rainfall and water discharge/runoff. The relationship between rainfall and 
runoff is one of the most important problems in hydrology. It is also one of the most 
difficult problems. The rainfall--runoff relationship quantifies the response function 
describing the behaviour of a watershed. The response function is a result of numerous 
processes, complex and interdependent, that participate in the transformation of 
rainfall into runoff (Singh and Birsoy, 1977). 
 
The first step in this research is to investigate the spatial and temporal variability of 
rainfall in Sumber Jaya . Even though there are no long-term records to prove that rain-
fall is unevenly distributed in this area, the geographic position and landscape should 
predispose the area to such spatial and temporal variability.  
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Michaud et al., (1995) found a linear increase in daily precipitation rate of 0.009 – 
0.043 mm per meter of elevation per month in south-western United States. Loukas 
and Quick (1996) found that topography of the Seymour Watershed (south-western 
British Columbia) played a very significant role in the distribution of precipitation. 
The topography of this area caused the precipitation to increase to about 200 – 400% 
of zero elevation precipitation at Vancouver Harbour. The 625 km2 area around 
Mendoza City, Argentina, can be divided into three rain zones based on different 
elevations; the piedmont area exhibited more intense and frequent precipitation 
(Fernandez, 1999). Preliminary analysis of existing rainfall data in Sumber Jaya 
showed that there is a tendency for spatially distributed rainfall. Daily rainfall was 
poorly correlated for distances of about 2 – 3 km, while the probability distributions 
were different for distances of about 8 km. Monthly rainfall showed low correlations 
for locations with distances > 10 km (Manik and Sidle, 2002). 
 
Statistical analysis from long and continuous precipitation records is commonly used 
for investigating rainfall distribution patterns. Loukas and Quick (1996) used 
correlation coefficients to assess the precipitation series between any two stations, 
Michaud et al. (1995) used a regression model to related rainfall within a local area to 
elevation, and Wotling et. al. (2000) used rainfall intensity distribution and principle 
component analysis (PCA) to assess the complexity of the terrain in addition to 
elevation. In general, difference in rainfall pattern may involve a combination of two 
statistical outcomes: (1) a shift in the mean and (2) a change in the scale of the 
distribution functions. Gamma distribution is a popular choice for fitting probability 
distributions to rainfall totals because its shape is similar to that of the histogram of 
rainfall data (Ben Gai, 1989). 
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As previously stated, long and continuous data records do not exist in Sumber Jaya. 
Most of the rain gages that now exist in the Sumber Jaya watershed were installed for 
this research project. Therefore, the study of spatially distributed rainfall in this area as 
part of this research project will focus on analysis of short-time interval rainfall data. 
This analysis is also important because, in addition to topographic uplifting and large-
scale uplifting of air, precipitation is also caused by small-scale convection, which 
occurs in cells of varying dimensions and lifetimes and, in many parts of the world, a 
large proportion of heavy and flood-producing rainfall is associated with convective 
cells (Shaw, 1983).  
. 
A variety of techniques can be employed to study the structure of storm rainfall and 
the dimensions and movement of convective cells, such as using rainfall radar to 
investigate the dimensions, velocity, and direction of movement of cells and storm 
systems or drawing isohyetal maps from rain gages to estimate rain cells (Shaw 1983) 
or calculated movement of rain from high latitude wind movements (Niemczynomicz, 
1988). Correlation analysis techniques have been used for a long time to study surface 
rainfall patterns (e.g., Marshall, 1975) or the full correlation analysis by Shaw (1983) 
and Felgate and Read (1975) which were based on Fooks’ (1965) study on ionospheric 
drift measurements. Willems (2001) studied rainfall patterns at small scales using a 
model based on conceptual and hierarchical types of rain structures. The description is 
based on a detailed analysis of the observed cell cluster patterns gathered by a dense 
network of rain gages. Upton (2002) tracked rainstorm movements during a short 
period by calculating the cross-correlation between pairs of rain gages and examined 
the profiles to estimate inter-gauge lags.  
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Rainfall-runoff models are generally required to forecast flood frequencies and 
estimate design floods for water resources projects. Traditional runoff calculations use 
simple, static rainfall inputs, i.e. rainfall is assumed to be a function of time only and is 
averaged in space and uniformly distributed over the catchments. In reality, rainfall is 
never uniform or static. Rainfall fields consist of complicated cloud structures which 
develop and decay, come close to or move apart from one another, and travel across 
the catchments (Niemczynowicz,1988). The importance of precipitation distributions is 
critical in mountainous watersheds where weather systems interact with the 
topography resulting in highly non-uniform precipitation over the area (Loukas and 
Quick, 1996).   
 
To observe rainfall patterns in Sumber Jaya watershed the modified storm tracking 
method of Upton (2000) will be used. Preliminary observations were conducted to 
describe the nature of rain in the area. Correlation analysis (Felgate and Read, 1975) 
provides some measure of storm rainfall patterns on the measurement plane for cellular 
type storms indicated by closed isohyetal "cells" or radar echoes. In other words, if the 
precipitation is cellular in nature, rain gages near each other will record more similar 
variations than gages further apart, the similarity depending upon their separations and 
the cell sizes; that is, the correlation will diminish with increasing gauge separation 
assuming the cells are randomly distributed in space and time. The method exercised 
by Upton (2002) is more appropriate for stratiform rain which is assumed better fit to 
the type of rain in Sumber Jaya watershed. The cross correlation between pairs of 
profiles is examined to obtain estimated inter-gage lags while time movement series is 
based on auto-correlation methods. The estimated spatial displacements of the rain cell 
will be investigated through the Kriging method. 
 15
Recent conditions have led to concerns over the hydrological functions of the upper 
Sumber Jaya watershed because forests generally are associated with positive 
watershed functions while all land use changes are assumed to have negative effects on 
the quantity and quality of river flow from the perspective of people living 
downstream (Farida and Van Noordwijk, 2004). Unrealistic expectations related to 
watershed functions in Sumber Jaya leads to large public investments such as 
reforestation projects with no significant achievements while they create conflict with 
the local people (Van Noordwijk et al, 2004). Of the 336,000 ha protected forest in 
Lampung in 1977, 120,000 ha was converted. During that period, the forest department 
claimed their reforestation project covered an area of 180,000 ha. However, in reality, 
in 2000 the destroyed forest area increased to 278,000 ha. The failure of the 
reforestation project was more due to the harsh policy that the government imposed 
prohibiting settlement in the area; this policy created conflict with the local people 
(Kusworo, 2000). To resolve this situation, ICRAF proposed agroforestry systems 
(coffee in multistrata systems) as an alternative. The concept assumes that agroforestry 
mosaics are as effective in protecting watershed function as the original forest cover, 
and hence a substantial share of current conflicts between state forest managers and 
local people can be resolved to mutual benefit (ICRAF, 2001). ICRAF continued to 
promote agroforestry systems and some farmer groups have adopted these systems; 
however, there are still many areas, which are open or planted with coffee or other 
crops using non-conservation systems. 
 
Van Noordwijk et. al. (2004) proposed that the relationship between land cover in 
either full forest cover or partial tree cover (agroforestry) and watershed hydrological 
functions could be evaluated by total water yield and the ability of the watershed to 
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retain water during peak flows in different periods. Based on intensive ICRAF 
investigations in this area, they concluded that different forms of agroforestry managed 
by farmers could maintain the hydrological functions that fulfilled social expectations 
of “protection forests” and, in addition, provide income for the local farmers. 
 
As the ICRAF program continues, it is necessary to conduct research to assess 
watershed functions at larger scales. A research project that included many watershed 
aspects (e.g., rainfall distribution, water discharge, water quality, sedimentation and 
biodiversity) was initiated in 2002 by ICRAF in corporation with ACIAR; this 
collaboration included one part of my dissertation – the relationship between rainfall 
distribution and water quantity.  
 
Since the research projects in Sumber Jaya are mainly aimed at better management of 
the rapidly changing land cover within the watershed, determining the method to 
predict runoff from rainfall inputs at larger scales is the second stage of this research. 
Calculating runoff from rainfall has been the subject of many studies in various places 
using different methods or models (Corradini and Singh, 1985; Wang and Chen, 1996; 
Yu et al., 2001; Schumann et al., 2000; Dye and Cooke, 2003). Strong interest in the 
applications of rainfall-runoff models to water resource projects demands increasing 
attention to further developing distributed rainfall-runoff models. Therefore, sensitivity 
of distributed hydrological models to the spatial distribution of rainfall and its 
influence on the estimation of flood probability has also been subject of many studies 
(e.g., Bronstert and Bardossy, 2003; Obled et al., 1994; Arnaud et al., 2002). 
Conclusions based on such studies maybe very specific because they depend on the 
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scale of the basin, rainfall variability of the area, and the mechanisms involved in 
generation of runoff and streamflow. 
 
Because rainfall-runoff correlations depend on the physical condition of the catchment, 
these effects can be investigated in a nested catchment system. Catchments are treated 
as a system consisting of a number of sub-catchments, each assumed to be 
approximately uniform in terms of rainfall excess and geographic conditions. In 
investigating rainfall-runoff relations at larger scales, drainage area and length are 
factors that need to be considered. The dependence of flood peaks on catchment size is 
the basis of many empirical methods for estimating peak flow in un-gaged catchments. 
This spatial scaling behaviour also provides a natural framework to understand the 
physical control of regional variations in flood peaks. Similar to the rainfall data 
availability problem, long records of water discharge do not exist in the Sumber Jaya 
area. Therefore, it is difficult to investigate relationships between annual flood peaks 
and catchment area as typically done in most scaling studies. However, it is expected 
that by investigating the continuum from water inputs to outputs in the various sizes of 
nested catchments, the behaviour of rainfall-runoff at different scales can be explained. 
 
Finally, hydrograph analysis will be used in this research to assess catchment 
characteristics, especially related to different land covers. Hydrograph analysis can be 
used in the assessment of land cover together with physical conditions in the 
catchments because the shape of the hydrograph reflects the way that a catchment 
transforms precipitation into runoff and embodies the integrated influence of the 
catchment characteristics, including vegetation (McNamara et al., 1998). The 
procedures adopted follow studies on the effect of land cover on runoff using 
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hydrograph analysis (e.g. Guillemette et al., 2005; Shia, 1987; Carey and Woo , 2001; 
Tallaksen, 1995; Tani, 1997).  
 
I.2 Research objectives 
 
With this background, this research aims to evaluate the Sumber Jaya watershed 
condition that is affected by rapidly changing land cover using hydrological methods. 
Specifically, the evaluation will include investigating rainfall spatial and temporal 
distributions as the input to the watershed and rainfall-runoff relationships using 
different analytical methods. 
 
a. Investigating spatial and temporal patterns of rainfall over the watershed area 
 
Previous study of rainfall distribution has been done using daily and monthly data 
(1979 – 2002) from rain gages around Sumber Jaya watershed.  Rainfall distribution 
was analyzed using some statistical methods such as: measures of central tendency, 
dispersion and symmetry and probability distribution function. 
 
From intensive rainfall records in the research catchments (100 ha) and from records at 
some high elevations surrounding the Sumber Jaya area, this research investigated the 
temporal and spatial distribution of the rainfall and the sources of the air moisture in 
the area. Such information will help to understand the types of cloud formation in this 
area – i.e., whether they are formed by larger synoptic systems or only by local 
heating. Cloud formation could describe the homogeneity or heterogeneity of rainfall 
over the catchments.  
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b. Investigating rainfall-runoff relationships  
 
Previous study of rainfall-runoff relationship has also been done using monthly data ( 
1974 – 1989) of water discharge from water level stations inside Sumber Jaya 
watershed.  The rainfall-runoff relationships was investigated with coefficient 
correlations methods and time series analysis. 
 
Watershed hydrological functions can be evaluated by investigating total water yield 
related to rainfall and the ability of the watershed to retain water during peak flows in 
different periods. This research investigated how much runoff could be generated from 
a unit of rainfall and the time lags of runoff occurrence during individual rainfall 
events with different antecedent moisture conditions. The focus of this rainfall-runoff 
research is on methods which are related to land cover change and which can predict 
discharge at catchment outlets based on measurements in the upper catchments. 
 
To describe the general relationship between rainfall and water discharge, statistical 
correlation will be used. Additionally, cross-correlations with time lags are used to 
estimate the travel time of water from upper to lower catchments. The general 
description of rainfall-runoff in different land cover types will also be analyzed by 
hydrograph analysis.   
 
The IHACRES model will also be used to investigate rainfall-runoff relationships.  
This model is able to calculate time lags between rainfall and runoff time series data as 
well as the relative portion of the quick flow and slow flow in the total water 
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discharge.  Comparison of quick flow and slow flow from different catchments could 
be used as a means to evaluate the land cover condition in respective catchments. 
 
Outflow hydrographs at catchment outlets are also investigated using a linear spatially 
distributed model (Wang and Chen, 1996). In this model the catchment is treated as a 
system that consists of a number of sub-catchments. A series of ordinary differential 
equations which represents the relationship among inputs, outputs, and function are 
derived based on the mass balance principle and a storage-release equation, and the 
equations of the sub-catchments are assembled to form an overall equation for the 
catchment system. 
 
The IHACRES and the linear distributed models also produce unit hydrographs – a 
catchment transfer function. The unit hydrograph can then be used as a means to 
estimate discharge from water inputs (rainfall). Unit hydrographs can also be 












II. Literature Review 
 
II.1  Spatial and Temporal Distribution of Rainfall  
 
The often localised nature of tropical rainstorms is widely recognised. The localisation 
implies that variability patterns at nearby locations are very different on a day to day 
basis. One point can have a heavy fall whilst a short distance away, no rain, or very 
little, may occur on the same day. Average rains for a long period, for example a 
month usually wipe out the differences in amount and variability pattern existing on 
individual days when actually the spatial distribution and variability patterns for that 
periods are determined by a few heavy storms. This characteristic is universal and not 
confined to tropical areas. However, in temperate regions, where rain is often evenly 
distributed over wide areas, this is not so important. In a particular season, a few 
exceptionally heavy falls will produce above average rain over a wide area. Under 
more localised tropical rainstorms this is not the case. Hence, considerable differences 
in amount can persist for lengthy periods, implying different patterns of variability at 
nearby locations (Jackson, 1978). 
 
In general, the nature of Indonesian rainstorms has been studied for a long time. 
Aldrian and Susanto (2003) conducted a study over the Indonesian archipelago, an 
area between 15°S to 8°N and 90° to 140°E and reported there are thousands of 
secondary meteorological stations in the region; even though, only 884 rain gauges 
from the primary stations within the region are available in the World Meteorological 
Organization–National Oceanic and Atmospheric Administration (WMO–NOAA) 
project on the Global Historical Climatology Network database (GHCN; Vose et al., 
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1992). Among those are 526 stations from the Indonesian Meteorological & 
Geophysical Agency (BMG). However, study on rainstorms varieties in local or micro 
scale, which influenced by local surface condition, are limited. 
 
The results from the DCM (double correlation method), a regionalization method 
based on the annual rainfall cycle or the annual mean variability; indicate three climate 
regions in Indonesia (Figure 2.1). Region A (solid line) covers South and Central 
Indonesia from south Sumatra to Timor Island, parts of Kalimantan, parts of Sulawesi, 
and parts of Irian Jaya. Region B (short dashed line) is located in Northwest Indonesia 
and covers Northern Sumatra and North Western Kalimantan. Region C covers 
Maluku and parts of Sulawesi (close to the Western Pacific region).  
 
Region A, which encompasses the largest area, represents the dominant pattern over 
Indonesia.  This region has one precipitation peak and one trough and experiences 
strong influences of two monsoons, namely the wet northwest (NW) monsoon from 
November to March (NDJFM) and the dry southeast (SE) monsoon from May to 
September (MJJAS).  The precipitation peaks in Regions A are 310 mm/month while 
the minimum the lowest of all regions (mean < 100 mm/month). Thus, Region A is the 
driest region during the dry season in July–September and the wettest region in 
December. However, Haylock and McBride (2001), using an all-Indonesian rainfall 






Figure 2.1 The three climate regions according to the mean annual patterns using 
the DCM. Indonesia is divided into Region A (solid line), Region B 
(short dashed line) and Region C (long dashed line) (from Aldrian and 
Susanto, 2003) 
 
Based on these data, Lampung Province on Sumatra Island is within region A. Rainfall 
analyses shows that the border between the dry and wet regions lays in the lower third 
portion of southern Sumatra (Aldrian et al., 2003). The WSUM region has high 
average rainfall all year long. Both islands have two climatic regions (the monsoonal 
and semi monsoonal) and an intermediate or equatorial climate without a well defined 
annual cycle as described by Aldrian and Susanto (2003) 
Spatial and temporal distributions of rainfall have been studied mostly using 
probability distributions which require long data records.  Robinson and Sivapalan 
(1997) described rainfall distributions in several ways: number of precipitation/storm 
occurrence, precipitation duration and inter-storm period, average storm rainfall 
intensity and within-storm temporal patterns. Chow et al., (1988) investigated that 
number of precipitation occurrences (precipitation events) followed Poisson 
distribution function. The Poisson is a discrete probability distribution and has been 
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successfully used to model the arrival times of certain events or the occurrences of 
certain events over a pre-defined period.  Inter-storm period is given by the 
exponential distribution, which is the probability density function of the Poisson 
processes. The time taken for a number of events to occur in a Poisson process is 
described by a gamma distribution, which is the distribution of the sum of β 
independent and identically exponentially distributed random variables.   
The probability distribution of point rainfall intensities has been examined in a large 
number of studies (e.g. Eagleson, 1972; Warrilow et al., 1986). In many cases the 
exponential distribution provides a good approximation of the underlying rainfall 
process. Sivapalan and Bloschl (1998) assumed that the parent distribution of point 
rainfall intensity, ip, is exponential. 
 
However, several recent investigations have shown that the lack of knowledge about 
the spatial distribution of short-term rainfall is the greatest source of error in runoff 
simulations, especially on relatively small urban catchments (Niemczynowicz, 1988). 
Willems (2001) stated that for application of rainfall data on the results of hydrological 
models on urban hydrology and small hydro-graphic catchments, accurate description 
of individual rain cells and cell structures is very important, while the description of 
the spatial rainfall structure at the large meso-scale and synoptic areas is less 
important.   An obvious solution to reduce errors associated with spatially distributed 
rainfall inputs is to increase the rain gauge density and use spatially distributed rainfall 




The theory of rainfall structure has served as the basis for many space-time rainfall 
modelling applications. The characteristic pattern of rainfall structure is; the area of 
high intensity rainfall clusters are embedded within the lower intensity areas and this 
pattern is observed in many different scales.  The smallest scale is individual rain cell; 
this cell is embedded in cluster way within ‘small mesoscle areas’ (102 – 103 km).  At 
larger scales (103 – 104 km), the small mesoscale areas occur in clustered way within 
‘large meso-scale’ areas which in turn are embedded within some synoptic scale 
(Willems, 2001). 
 
During rain passage over catchments, rainfall cells develop, and as they cluster with 
other rain cells, they grow.  If they fall as rain, the cells decay and eventually 
disappear.    The time of passage of rain cells over catchments is defined by the 
physical velocity of rain cell movement and the size of the catchments.  Average speed 
of rain cells in Lund, Sweden was 10 ms-1 which equates to 10 min for rain cells to 
pass over 6 km long catchments. In western California this speed was between 13 and 
26 ms-1 (Hobs and Locatelli, 1978) and in New England it was between 10 and 30 ms-1 
(Austin and Hoze, 1972). The life time of the rain cells is thus sufficiently long to 
travel between a few to about 10 km before they dissipate. 
 
In general there are two main approaches in tracking rain storms using rain-gauge data. 
One is based on the idea of a space-time autocorrelation function. This function 
describes the way in which the correspondence between the rainfall patterns at two 
points in the space-time domain reduces as the separation between the two points (in 
time or space) increases. The approach therefore estimates the space-time 
autocorrelation at each of sequence of time shifts. The second approach to storm 
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tracking is by identifying ‘significant features’ such as the time of onset of a storm or 
the time of peak rainfall intensity.  In this context the typical tracking method is based 
on maximising the cross correlation; this is a common approach when tracking storms 
using weather data or satellite images (Upton, 2002). 
 
Niemczynowicz (1988) suggested investigating the short-term spatial distribution of 
rainfall using storm movement parameters. The parameters of the rainfall movement 
for each rainfall event can be derived directly from multi-gauge data or calculated from 
high-altitude wind data, using known relationships since experimental evidence 
indicates that some prevailing rainfall directions typify the region. Willems (2001) 
used data of a dense network of rain gages at Antwerp, Belgium to derive the structure 
of rain cells. He used a bivariate Gaussian distribution for the spatial distribution of 
rainfall intensities in a single rain cell while for rain storms with more than one rain 
cell, different rain cells have to be identified and separated in the rainfall time series.  
The separation is based on the identification of peaks, decreasing flanks and increasing 
flanks in the time series. Niemczynowicz (1987) noted that all methods of estimating 
storm movement start with the identification of a recognizable feature within the 
rainfall pattern – i.e., the reference point. This reference point is then followed as it 
moves in space across the gauge network. Examples of such reference points are the 
peak or the centroid of the hyetograph, the leading edge of the rain, the centre of the 
isohyetal pattern, the maximum of the cross-correlation function, or the maximum of 
the lag-correlation structure. The main difference among storm tracking methods is the 
difference in the choice of the reference point. An example of methods for tracking 
rain movement is including: use of isohyetal patterns to calculate distance and time 
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movement parameters (Huff, 1967; Clayton and Deacon, 1971).  However, the 
calculations were time consuming and the isohyetal patterns were subjective. 
 
A method called “full correlation analysis" developed by Briggs et al. (1950), was 
extended and used by Felgate and Read (1975) and Shaw (1983). In this method, the 
reference point is a maximum of the cross-correlation function between pairs of gauges 
from every three-gauge group selected from the rain gauge network. The so-called lag-
correlation analysis method was developed by Marshall (1975, 1977, and 1980) and 
used by several researchers (Shearman, 1977; Niemczynowicz and Jonson, 1981). The 
method calculates the spatial correlation pattern based on the calculation of correlation 
coefficients between the temporal patterns of the rainfall in pairs of gauges with a 
known applied time lag, such as high altitude wind movement.  
 
In a review of storm tracking, Upton (2002) noted space time auto-correlation methods 
applied at time movement series often do not work well when there are several storm 
cells; however, the possible benefit is that changes due to advection and velocity can 
be isolated by this method. Using significant features as reference point is a common 
approach when tracking storms using weather radar or satellite images (e.g. Takeuchi, 
1985).  The most usual tracking method for this approach is based on maximising the 
cross-correlation.  However when Niemczynowicz (1987) tried this method with rain 
gages data, he found problem with multi-peaks events.  When more than one rainfall 
cell exists simultaneously over the rain gauge network, so-called objective methods 
fail or lose their objectivity. On the other hand, if the rainfall data are good, the rainfall 
movement pattern can be easily recognized in a simple but subjective procedure, such 
as a method based on triangulation works.  Therefore, he concluded that an objective 
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method of storm tracking with reliable results does not exist yet (Niemczynowicz, 
1987). Sharon (1972a) has also observed that temporal correlation techniques are not 
applicable to persistent rainfall patterns and are therefore of more use in flat areas 
where effects due to topography are not important. 
 
The method exercised by Upton (2002) is chosen in this research even though this 
method is more appropriate for stratiform rain which is assumed fit to the original 
nature of rain in Sumber Jaya watershed. If the rain in Sumber Jaya has been changed 
to be more convective, auto-correlation method might not fit to this area.  Auto-
correlation in convective rains only shows time lag of rain events between rain gages 
but not for storm tracking. The cross correlation between pairs of profiles is examined 
to obtain estimated inter-gauge lags while time movement series is based on auto-
correlation methods. The estimated spatial displacements of the rain cell will be 
investigated through the Kriging method. 
 
For convective storms conditions, full correlation analysis developed by Fooks (1965), 
Felgate and Read (1975), and Shaw (1983) will be applied. Storm rainfall patterns 
which show random cellular structure can be described by both spatial and temporal 
correlation functions calculated from short-interval precipitation measurements. 
Certain important storm parameters can be estimated by this method, including the 
velocity and direction of movement of the surface rainfall pattern, its mean spatial 
scale and its lifetime. These techniques are usually based on the assumption that a high 
correlation of short-term rainfall measurements indicates that the same cell or 
precipitation system is affecting both gauges, although it does not necessarily mean 
that the two stations are receiving similar amounts of rainfall. The rate of decay of 
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correlation with distance depends principally on the dimensions of the cell producing 
the rainfall or more exactly the dimensions of the surface area receiving precipitation 
from the cell.   
 
For averaging the rainfall over the whole area, a kriging method is preferred to 
interpolate mean area rainfall. Kriging has proven to be superior to other methods in 
many spatial rainfall distribution studies (Meiz and Bardossy, 1998; Sen and Habib, 
1998; Goovaerts, 1999; Prudhomme and Reed, 1999). 
 
II.2  Predicting Water Discharge from Rainfall-Runoff Correlation 
 
Rainfall-runoff models are generally required to forecast operational floods and 
perform the design flood estimation of synthetic flows in water resource projects.  To 
apply such models to water resource projects, further attention is required related to the 
development of distributed rainfall-runoff models capable of simulating the 
heterogeneity of both rainfall distribution and catchments characteristics (Yu et al, 
2001). Many methods and models exist for investigating rainfall-runoff relationships. 
One widely used method for calculating runoff is measuring/modeling the soil 
moisture balance because soil moisture has a major influence on a range of 
hydrological processes: this method has been particularly applied to relate water 
discharge with land surface condition. 
 
 Bellot et al., (2001) calculated the soil moisture balance to study the effects of land 
use change in semi arid areas. They monitored soil moisture and infiltration using TDR 
probes and double ring infiltrometer and with a model the value of k which represented 
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density, cover, LAI and biomass of each vegetation type. As expected, the results 
showed that vegetation cover reduces both runoff and deep drainage. Crooks and 
Davis (2001) investigated the effect of land use changes in a 30-yr period on floods 
frequency in the Thames River also using a soil moisture balance method to calculate 
the effective rainfall, and then using the effective rainfall for channel routing model to 
generate the outflow from the catchments.  
 
Niehoff et al (2002) focused on soil and land-cover characteristics, which either 
increase or reduce the infiltration capacity. They assumed that infiltration capacity is a 
crucial factor affecting runoff generation. Fohrer et al (2001) used the proportion of 
interception and transpiration as land cover parameters and then applied water balance 
concepts to calculate runoff. Wooldridge et al (2001) used storage distribution 
concepts to represent quick flow and slow flow of catchments. With this approach the 
range of responses is represented by the integration of the water balances dynamics for 
a distribution of storage elements. Makowecki and Moore (1999) calculated the 
amount of water reaching the soil surface by solving the canopy water balance over the 
course of a storm. Liden and Herlin (2000) used the water balance model to correlate 
rainfall and runoff. 
 
However, soil moisture is highly variable in space. The spatial variability of soil 
moisture is the result of vertical and lateral redistribution of water in soil and also 
spatial variation in precipitation and evaporation.  Development in measurement 
technology has enabled the rapid measurement of a number of variables of hydrology.  
Measuring volumetric soil moisture has been facilitated by using TDR (time domain 
reflectrometry) and the devices can be placed in situ to enable detailed temporal 
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patterns of soil moisture with depth. However, the problem is whether there are really 
enough measurements to justify a pattern and how representative the point measure is 
of larger areas (Grayson, et al., 2002). Therefore, quantitative estimation to interpolate 
spatial patterns from point data to calculate the average catchment soil moisture is 
required (Western, et al., 1998). For cases where it is not possible to measure soil 
moisture, evaporation and other vegetation parameters, only rainfall and runoff data 
can be used to infer the land use condition. One such dependable method is 
hydrograph analysis; this will be discussed later. 
 
Loss rate methods of the φ or W-index type are still widely used for calculating rainfall 
excess despite increasing evidence of spatial variability of catchment stormflow 
generation. Because of this inherent assumption of uniform catchment response, these 
methods may give misleading results. This conventional loss rate method which 
assumed that loss rate is independent of rainfall intensity requires that stormflow is 
generated from entire catchments. However, (Clark, 1980) found that this methods 
could not give any satisfaction results when stormflow is not produced from a 
significant part of the catchment. Greater accuracy in loss rate prediction is also 
needed in high loss situation where the assumption of uniform catchment response is 
least likely to be satisfied. 
 
A more direct method for predicting stream flow from rainfall records is by analyzing 
the rainfall –runoff relationship via statistical methods. The relationship between 
rainfall and runoff is one of the most important problems in hydrology, because it 
quantifies the response function describing the behaviour of a watershed. The response 
function is a result of numerous processes, complex and interdependent, that 
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participate in the transformation of rainfall into runoff; the complexity is further 
enhanced due to the spatial and temporal variability of hydrometeorological conditions 
and watershed physiography as well as their interactions (Singh and Birsoy, 1976). 
 
Rose (1998) assessed the effects of longer-term (i.e., one year) antecedent rainfall 
variation on runoff at a regional scale to analyze long term (47 years) rainfall– runoff 
relationships within the coastal plain of Georgia. Antecedent rainfall conditions affect 
rates of stream flow generation by changing the volume of water stored as soil 
moisture and ground water, thereby altering the rates at which water is released to 
streams. He found that stream runoff returns to near normal levels between 1 and 2 
years after a drought, with a return to normal rainfall conditions. 
 
Labat et al. (2000) studied precipitation and discharge rate for karstic spring.  In his 
study, precipitation and discharge are considered as two auto-correlated and cross-
correlated stochastic processes.   It is shown that this linear stochastic model (i.e. the 
statistical version), although accurate in some respects, does not represent the 
hydraulic behaviour of the system very well during low flow episodes and floods. 
The result was hardly surprising, considering that the most striking characteristic of 
karsts geology is its large physical and geometric heterogeneity at all scales. 
 
An alternative methodology for streamflow frequency estimation that has gained wide 
popularity is the so-called derived distribution approach. For example, Gottschalk and 
Perzyna (1989), Perzyna (1994) and Gottschalk et al. (1997), developed a derived 
distribution function for low flow by combining a regional precipitation model 
established from long precipitation records and a local model for runoff response. 
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Gottschalk and Weingartner (1998) applied the same basic approach for deriving the 
distribution of peak flow, by combining results of frequency analysis of extreme 
rainfall from a regional sample with those derived from hydrograph analysis, i.e. of 
runoff coefficients and the unit hydrograph. A commonly applied distribution function 
to describe rainfall data, which is applied here, is the two-parameter gamma 
distribution and for runoff coefficient is beta distribution. The distribution results 
demonstrated that sub-samples originating from different physiographic conditions 
exhibited significantly different distributions functions for peak runoff. 
 
However, statistical analysis is appropriate if long series of data (rainfall – runoff) is 
available and long data record is rare especially in developing countries.  For short 
terms or event base time, unit hydrograph methods are useful for catchments output 
estimation provided that the effective rainfall is uniformly distributed both in time and 
space.  The unit hydrograph method is described in hydrograph analysis section. 
 
Mathematical analysis of rainfall-runoff data represents an important advance. In the 
hydrological context, the basin is regarded as the system in which an input of effective 
rainfall is transformed into an output of discharge. Singh and Birsoy (1976) wrote that 
rainfall-runoff relationship quantifies the response function which describes the 
behaviour of the watershed. The transformation process encompasses virtually the 
entire domain of hydrologic cycle. This all-encompassing nature of the transformation 
process is largely responsible for the complexity underlying the rainfall--runoff 
relationship.  The transformation process has been the basis of several investigations 
including the unit hydrograph theory by Sherman (1932). Despite its complexity it is 
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reasonable to assume that the transformation process is characterized by a linear 
function. 
 
One of a series of studies on rainfall-runoff using a transfer function systems and 
linearity assumptions found that transfer function can be obtained from the differential 
equation relating the input and output; using a Laplace transformation for this 
procedure is more convenient compare to the general procedure of applying conceptual 
linear models to calculate the outflow for a given effective rainfall (Wang and Wu, 
1983). Wang and Chen (1996) applied transfer function methods to watersheds with 
non-uniformly distributed rainfall.  They applied Laplace transformation to the Nash 
instantaneous unit hydrograph, and to apply the concept of spatial rainfall, they divided 
the watershed into number of sub watersheds.   Lee et al. (2001) applied similar 
Laplace transformation with divided watershed; however, since the rainfall excess to a 
model always has some degree of uncertainty because of the temporal and spatial 
variability of rainfall, infiltration and measurements errors, they used stochastic 
methods in combination with conceptual models. These transfer function methods 
produced satisfactory predictions of water discharge at medium sized watersheds (640 
km2) in Wills Creek, USA and in Taiwan (763.4 km2). 
 
In this thesis, a linear, spatially distributed model by Wang and Chen (1996) is used to 
predict water discharge at the outlet of nested catchments. Wang and Chen’s  research 
was based on earlier work on spatially distributed model for surface rainfall-runoff 
(CELMOD models). However, these models did not provide an analytical solution for 
the spatially distributed model over the whole catchment area.  This lacks was 
completed by Wang and Chen (1996) by applying numerical convolution to convert 
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the input of sub-catchments to the output, which serves as the input to the next 
catchment. Inside the catchments, all the inflow hydrographs are added together to 
form a single input hydrograph which is routed through the catchments. 
 
II.3  Roles of Drainage Area on Water Discharge 
 
The peak discharge response of a catchment to rainfall is a function of a number of 
variables. The peak discharge reflects aspects of rainfall intensity, space-time 
variability and watershed characteristics such as soil moisture and infiltration capacity, 
groundwater table elevations, land use/land cover and geomorphology. The relative 
importance of these factors depends to a great extent on the runoff production 
mechanism and scale of the catchments (Ogden and Dawdy, 2003). 
 
In the case of Hortonian runoff, the groundwater table does not play a role and may be 
ignored. The factors that play a role depend on scale. At the small scale, runoff 
production is almost entirely due to the combined action of rainfall, interception, and 
infiltration. Routing, in-channel storage and losses have secondary effects at the 
hillslope scale, but become more important as the scale increases. The single most 
important aspect of Hortonian runoff in small scale under ordinary conditions is that a 
very high percentage of the watershed area subject to rainfall produces direct runoff 
(Ogden and Dawdy, 2003). 
 
For Hortonian runoff, the rational method predicts that the peak discharge from a given 
area will be proportional to the critical rainfall flux, which is a function of the time of 
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concentration. The peak discharge Qp at point i in the drainage network can be 
calculated using the following relationship: 
 
( ) ispi AKrQ −=                                                                       (1) 
 
Where r is average rainfall intensity and Ks is average soil saturated hydraulic 
conductivity over the contributing area above point i, Ai. Conceptually, the term (r-Ks) 
is the average excess rainfall rate. The peak discharge at point k upstream from point i 












AQQ                                                                            (2) 
Spatial heterogeneity of rainfall or catchments characteristics at scales smaller then the 
equilibrium scale has a small effect on the equilibrium peak discharge (Ogden and 
Julien, 1993).  Therefore, for Hortonian runoff, the scale at which the effects of 
heterogeneity are negligible is function of the excess rainfall rate. The scale starts 
small and grows with time as rainfall persists.  On the other hand Equation 2 will fail 
at scales where the rainfall duration is less than the time to equilibrium. As the 
contributing area above the point of interest in the drainage network increases, it 
becomes increasingly less likely that the assumptions in equation 1 are valid. Rainfall 
space-time variability and storage/routing effects start to become more significant as 
scale increases (Ogden and Dawdy, 2003). 
 
Regional analysis of floods has been widely used to estimate floods at ungauged sites 
and to enhance the reliability of flood estimates at gauged sites. In a more theoretical 
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context they can advance our understanding of the spatial variability and scaling of 
hydrologic fluxes (Blöschl and Sivapalan, 1997). The index flood method has long 
been used as the basis for regionalization of flood frequencies, one approach to flood 
frequency analysis. The method consists of two principal assumptions: first, is a 
correlation of the mean annual peak flow with various watershed descriptors, of which 
the drainage area is the most important; second, the ratio of floods of any given 
recurrence interval to the mean annual flood does not depend on the drainage area 
(Gupta et al., 1994). 
 
Robinson and Sivapalan (1997) summarized the assumption of index flood method as: 
that peak discharges from different catchments within a homogenous (geographical) 
region have a common probability distribution when scaled by their mean or some 
other index discharge. 
 












                                (3) 
 
where Q1, Q2, …, Qn are respectively, random variables representing the annual 
maximum peak discharge per unit area at locations 1, 2, …, n, and E[Q1], E[Q2], …, 
E[Qn] are their corresponding mean annual floods. However, some empirical studies in 
catchments in USA did not exhibit the index flood assumptions, that since early 1960 
the index flood was abandoned and USGS (Unite States Geological Survey) adopted 
the empirical quantile regression approach. These studies in the United States showed 
that drainage area serves as the key basin descriptor for many regions. Based on 
empirical data from a large number of catchments, Alexander (1972) suggested that 
the scaling exponent would vary from -0.1 to -0.5 as catchments increase in size from 
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5 to 500,000 km2. Gupta et al. (1994) preferred the empirical quantile regression 
method for regional flood frequency estimation. Regression of log qp(A), which is the 
pth quantile of annual flood peak, against log A (drainage area) for different 
probabilities of exceedence p generally show log-log linearity with different intercepts 
and slopes. This relationship can be expressed as: 
 
( ) ( ) ( )pp ApcAq θ=                                                                                             (4) 
 
where both the coefficient c(p) and the exponent θ(p) are functions of the probability 
of exceedance p. 
 
The subject of statistical homogeneity of flood peaks can actually be recognized by 
looking at natural invariability in flood characteristics in any region. Such variability 
can occur because of the patterns in soil moisture, land use, rainfall, hydraulics, and 
other characteristics within catchments; all of these factors contribute to the variability 
in flood characteristics. If the variability is similar over a region and affects all floods 
similarly, then the flood frequency distributions would not be regionally dependent. 
This concept leads to the understanding of catchment homogeneity. Gupta et al. (1994) 
defined the random field of peak flows to be statistically homogenous if the probability 
distributions of the random variables depend on the vertices only through their 
magnitudes and not through their locations. On physical grounds, since drainage area 
determines the volume of water arriving at the outlet, the peak flows must depend on 
drainage area.  
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Homogenous regions are a fundamental unit of regional hydrograph analysis. They 
specify the set of catchments between which we can transfer or scale information. A 
set of catchments is homogenous if we can relate their hydrological properties (flood 
and rainfall frequencies, stream length and slopes) using a scale function that only 
involves catchment size and not location within the region. For example: 
 
( ) ( ) ( )112,122 AQAAgdistAQ                                                                                    (5) 
 
where Q1(A1) and Q2(A2) are peak discharge random variables for catchments with 
areas A1 and A2, respectively, g(A1, A2) is a scale function that only involves 
catchment areas A1 and A2, and the operator denotes the equality in probability 
distributions (Robinson and Sivapalan, 1997). 
 
After assuming homogeneity, there are two different types of scaling invariance 
structures on the probability distributions of flood peaks. The first one is called simple 
scaling and the second one is called multi-scaling (Gupta et al., 1994; Morrison and 
Smith, 2001). Preliminary studies in three states of the United States suggested that 
under the assumption of homogeneity, the rainfall-generated flood peaks exhibited 
multi-scaling, whereas the snowmelt- generated floods exhibited simple scaling (Gupta 
et al., 1994). 
 
II.3.1  Simple scaling invariance in the flood peaks 
 
The theory of scaling invariance is concerned with the issue of how flood frequencies 
from different sized catchments are related to each other. Let λ > 0, the ratio of 
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drainage areas Ai/Aj, be a dimensionless scalar. Then scaling invariance is defined as 
(Gupta et al. (1994):  
 
( )




                                                  (6)                                                                                                          
 
Where g(λ) can be a random or a non-random function and d (above the = sign) means 
that the probability distributions or the frequencies of the random variables on both 
sides of the equation are equal. This equation yields a scale invariant structure: 
probability distribution of Q (A) for any catchment with area A can be determined 
from the distribution of Q (1) for a catchment with drainage area unity provided g (λ) 
is known. This equation also implies that coefficient correlation CV is constant in a 
region regardless the size of the drainage area, i.e.,CV[Q (A)] = CV [Q (1)] for all A.  
 
 
Q (A) is defined to be simple scaling if for any two scalars λ1 and λ2 the following 
identity holds: 
 
( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )11 21212121 QgdQggdQgdQ λλλλλλλλ             (7) 
 
This iterative argument shows that g(λ) is given by 
 
( ) θλλ =g                                                                                           (8) 
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where the scaling exponent θ is a fundamental parameter, which can be either positive 
or negative. Taking λ1 = A1/A2, and λ2 = A2, it follows that the distribution of Q (A1) 
and Q(A2) are related to each other as 
 












                                                                        (9) 
 
In summary, if flood peaks are simple scaling, then Equation 9 applies with g(A) = Aθ. 
 
Smith (1992) summarized that if the annual flood peaks at one site can be transformed, 
based on basin scale, to any other site with the same annual flood peaks distributions, 
then the flood peaks are simple scaling.  Therefore, the annual flood peaks distribution 
( ){ }xFt are “simple scaling” provided that (1) 
{ } ( ) mixFxXP
iAi ,,1 K==≤       (10) 

















  with d  denotes equality in distribution.  
 
Condition (1) is a homogeneity condition, states that flood peaks for any basin in the 
region arise from the common distributional family {Ft(x)}. Condition (2), is the 
scaling condition, states that the distribution of flood peaks for any two basins can be 
equated by a scale function h that depends only on the relative areas of the two basins. 
 
Most research on peak flows related to drainage area has shown that simple scaling 
fails to describe the functional dependence between drainage area and the probability 
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distribution of annual peak discharge (e.g., Cadavid, 1988; Smith, 1992; Gupta, 1994). 
Many of the catchments considered in those studies were located in mountainous areas 
in eastern and southeastern US with significant climatic and geomorphic 
heterogeneities, as well as groundwater contributions to runoff via saturation-overland 
flow. These results can be compared with studies from northwestern United States 
which showed that snowmelt generated floods followed simple scaling because of the 
greatly reduced spatial and temporal variability of snowmelt compared to rainfall 
(Gupta and Dawdy, 1995). Ogden and Dawdy (2003) from their research on peak 
discharge scaling in a watershed (21.2 km2) in Mississippi, USA, found that the 
regression slope θ, which represents the scaling exponent, was constant (0.77).This 
means that simple scaling is valid for describing flood quantile during single events 
flood peaks in this watershed. This result is likely due to the homogenous spatial 
rainfall and because Hortonian overland flow dominated in this watershed. 
 
II.3.2  Multi scaling invariance in the flood peaks 
 
Gupta and Waymire (1990) showed that in some catchments spatial variability 
decreases with increasing scale, while on others the variability increases with 
increasing scale. Analyses of the Appalachia floods by Smith (1992) suggest that peak 
flows in catchments larger than 51.8 km2 behaved differently from those in smaller 
catchments. Smith (1992) tried to examine scaling factors by a lognormal cascade 
model for drainage areas from 0.78 to 26,100 km2 in the central Appalachian region of 
Maryland and Virginia. The findings indicated that the coefficient of variation 
generally decreases with increasing drainage area for areas > 26 km2. Problems in 
small basins arise from a variety of factors, such as systematic errors in stream gaging, 
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especially for large floods in small catchment.  However, these results are varied from 
findings obtained by Cadavid (1988) from the same region. Morrison and Smith 
(2001) simulated flood peaks for 100 non-nested sub-basins of the Guadalupe River 
basin, Texas, USA, and found increases CV  of annual flood peaks with increasing 
drainage basin area for catchments < 10 km2; for larger catchments, decreases in CV 
with increasing drainage basin area were noted. Those phenomena result in two 
distinct mathematical representations of the multi-scaling processes. 
 
Gupta et al. (1994) used log Lẻvy multi-scaling models in analyzing multiscaling 
invariance of flood peaks. Their theories showed that the flood quantiles behave log-
log linearly with drainage area, and it agreed with the results from Cadavid  (1988) and 
Simth (1992) works. .  However, their findings also showed that the log-log linearity 
between quantiles and drainage areas does not hold for small basins. These theoretical 
developments showed that the scaling structure of regional floods, including how the 
regional CV varies qualitatively with drainage area, can be inferred from the slopes of 
log-log linear regression equations between quantiles and drainage area. If these slopes 
do not change with the probability of exeedance p, then it suggests simple scaling and 
a constant CV. If these slopes decrease or increase as p decreases, then it suggests 
multi-scaling, and a decline or increase in CV, respectively. Their application in 270 
catchments in central Appalachia, USA showed that the presence of multi-scaling in 
small basins (< 51.8 km2) is much weaker than in large catchments. 
 
Smith (1992) proposed the lognormal cascade model to examine scale properties of 
flood peaks. The lognormal cascade model can represent either simple or multi-scaling 
processes.  The distinction between those two classes of models is achieved through a 
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simple parameterization. Likelihood-based statistical inference procedures are 
developed for parameter estimation and for the hypothesis-testing problem of 
distinguishing the lognormal scaling model from the lognormal multiscaling model.  
 
This concept was applied to floods at central Appalachian catchments in Virginia and 
Maryland. The drainage area covered nearly 5 orders of magnitude ranging from 0.78 
km2 to 26,000 km2.  The lognormal multiscaling model was more appropriate than the 
lognormal simple scaling model even though the differences were not as evident as 
those of Cadavid (1988) from the same area. 
 
There are two broad categories of research in flood frequency: regionalization and 
single point   Regionalization techniques look at the relationship between flood 
frequencies curves of catchments at different locations.  Single point research 
investigates the relationship between peak flood discharge and its frequency for a 
single catchment and is geared toward extrapolation to extreme events (Robinson and 
Sivapalan, 1997). Compared to research on statistical techniques, relatively little 
research has been conducted into understanding physical process that contribute to the 
steepness of the flood frequency curve.  Eagleson (1972)  tried to conducted research 
using physical based approach.  He has derived flood frequency approach which 
involves combining stochastic models of rainfall with a deterministic catchment 
response. However, his research concentrated on single point estimation.   
 
Current regionalization efforts are largely based on sophisticated statistical techniques 
using new types of distributions and new parameter estimation methods. Statistical 
methods are, however, restricted by the lack of sufficiently long records of river flows 
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and rainfall measurements. An alternative approach is based on the understanding of 
physical processes underlying runoff generation and routing and their proper 
theoretical descriptions. Menabde and Sivapalan (2001) tried to introduce a new, 
dynamic and spatially distributed model which is able to predict and better explain the 
scaling properties of observed peak flows. They assumed that if all the small scale 
physical mechanisms of flooding are known, then by applying well known physical 
equations of motion the behavior of the catchment system can be explained. 
 
Even complex hydrological systems often tend to exhibit “similar” types of behavior at 
different scales. There have been many attempts to quantify some general properties of 
hydrological systems within the frame of stochastic self-similarity and scaling in the 
past two decades. 
 
Flood frequency analysis involves the estimation of annual peak discharge with 
specified probabilities of exceedence. Robinson and Sivapalan (1997) used derived 
flood frequency approach to investigate process controls on the variation of coefficient 
of variation (CV) of flood frequency distribution (Qp) with catchment size.  They 
related the increase of the discharge coefficient of variations with catchment size (for 
small catchments) to the scaling behavior of the ratio of storm duration to catchment 
response time, while the decrease of the discharge coefficient of variations with 
catchment size (for larger catchments) to the spatial scaling of excess rainfall intensity. 
They found that the ratio of catchment response time tc and mean storm duration was 
integral to the observed scaling behavior of CV(Qp). Using a simple, analytical flood 
frequency model to investigate the physical causes of empirical findings from 
Appalachian, Robinson and Sivapalan (1997) concluded that in small catchments the 
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scaling exponent is governed by the scaling of rainfall intensity alone, while in large 
catchments it consists of two components: one due to rainfall intensity scaling and the 
other, more dominant, component due to the scaling of catchment response time.  
 
In one northeastern region and one Midwestern region of the United States, the slope 
of the flood frequency curve (CV(Q)) tended to decrease with increasing catchment 
size (Dawdy, 1961).  Gupta and Dawdy (1955) hypothesized that the scaling CV(Q) in 
catchments above a threshold size is due to scaling of rainfall, while in catchments 
below this threshold changes in CV(Q) maybe due to the scaling of catchment 
response. A number of recent studies have revisited this problem and have supported 
Dawdy’s ideas. Gupta et. al. (1994) contends that the decrease of CV (Q) with 
catchment size only applies to catchments above a critical threshold size. They argue 
that below this critical size, CV (Q) may in fact increase with catchment size. Smith 
(1992) recognized that a decreasing trend of CV (Q) with catchments size was 
significant for larger catchments; however, he did not investigate the possibility of an 
upward trend in CV (Q) for small catchments. Based on these different findings, 
Bloschl and Sivapalan (1997) recommended caution in the interpretation of trends in 
regional flood frequency data, especially when these are not supported by an 
understanding of the underlying physical processes. 
 
 
II.4  Hydrograph analysis in interpreting land covers effects on water discharge 
 
A hydrograph is a graphical representation of the variation of a discharge with respect 
to time. Several components of the hydrograph can be considered for analysis 
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including: 1) the response time, defined as the time between the beginning of water 
input (rain) to the beginning of a measurable flow response (or hydrograph rise); (2) 
the rising limb, which is the section of the hydrograph from the onset of the response 
to the hydrograph peak; and (3) the recession limb, extending from the hydrograph 
peak to the point where flow returns to the pre-event level. Response time often 
reflects the wetness (antecedent soil water condition) of a watershed or hillslope, 
whereas the shape and timing of the rising limb show close correspondence with the 
duration and intensity of storms (Sidle et al., 1995). Analysis of recession flow 
characteristics has been applied more widely to infer the behavior of the water storage 
that feeds streamflow. The lower portion of the recession limb exponentially decreases 
to baseflow that is comprised of groundwater discharge (Carey and Woo, 2001). 
 
The first aspect of hydrograph analysis relates to temporal stormflow response. This 
includes the initial lag time, the lag time of the total storm hydrograph with respect to 
the starting time of rainfall; time to peak, the time from the beginning of surface runoff 
to the peak of the runoff hydrograph; time of concentration, the time that it takes a 
parcel of water to travel from the farthest point in the divide to the catchment outlet; 
time to equilibrium, the time since the beginning of surface runoff to the time when the 
rate of surface runoff equals the rate of rainfall excess; and recession time  (Carey and 
Woo, 2001; Saghafian and Julien, 1995; Su, 1995). 
 
In reality, time of concentration and time to equilibrium are variations of the time to 
peak. The first type of time of concentration occurs when the peak of effective rainfall 
coincides with the time to the runoff peak. For this type of catchment the time of 
concentration could occur later than the hydrograph peak. The second type is when the 
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runoff peak occurs after the peak of effective rainfall; the time of concentration is the 
same as the time to peak. And the third type is when the rainfall is longer than the time 
to peak of runoff that the runoff flows on constant rate following that. The time to peak 
for the third type is equal to time to equilibrium or time to equilibrium is time of 
concentration on infinitely long rainfall duration (Saghafian et al., 2002).  
 
Time to equilibrium for small and large catchments is a very important parameter 
governing the linearity of the rainfall-runoff process. Discharge increases linearly with 
rainfall intensity when rainfall duration exceeds the time to equilibrium, Hence, linear 
methods such as the unit hydrograph and instantaneous unit hydrograph are relevant. 
On the other hand, when the rainfall duration is short compared with the time to 
equilibrium, partial equilibrium hydrographs are obtained where the relationship 
between rainfall and surface runoff is non-linear. Surface runoff calculations based on 
linear techniques are not applicable; instead non-linear methods must be used 
(Saghafian and Julien, 1995). 
 
Analytically, there are a number of methods for estimating the time of concentration 
which are usually based on routing, including stream hydraulic methods, upland 
method (USDA, 1972), curve number method, Kirpich method, synthetic unit 
hydrograph lag time (USBR, 1987), Kerby-Hathway formula, and Snyder’s method 
(Chow, 1964). Su (1995) used a formula developed by Kadoya and Fukushima (1977) 
based on the kinematics wave theory and physiographic characteristics of the slope-
channel network in catchments: 
 
35.022.0 −
= etc rCAt                                                                                       (11) 
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where At is the catchment area in km2; re is the effective rainfall intensity in mm h-1 
and C is a constant equal to 290 for mountainous catchments and 190- 210 for a 
grazing areas. 
 
Saghafian and Julien (1995) derived the general formula for the time to equilibrium or 
total travel time at any location in the watershed for a travel distance x = L using 
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where L is the total length along the hydraulically longest flow path; x is the distance 
measured along the flow path; Qe is the equilibrium discharge; a1, a2 and γ are flow 
cross sectional parameters; S0 is the bed slope corresponding to the so-called 
kinematics time to equilibrium, and n is the Manning roughness coefficient. 
 
Studies of different temporal responses for various catchment conditions are rare, 
especially in tropical areas. A hydrograph analysis in the arctic Kuparuk River 
Watershed (2.2 km2) in Alaska showed that the stream responded rapidly to 
precipitation (Mc Namara, et al., 1998). Initial precipitation prior to the rise in the 
runoff hydrograph in one of sub-catchments was quite low: 1.52 mm on average with 
an rapid average initial response time of 2.15 h. Recession began soon after the 
cessation of rainfall for all storms, 5.36 h on average, however, lag to peak and lag to 
centroid was surprisingly long, 17.8 and 34.8 h respectively, and the recession constant 
was 30.24 h (Mc Namara, et. al., 1998). In a similar climatic region (sub artic Canada), 
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an average of 2.3 mm rainfall in a 1.5 to 6.3 h period was needed to initiate 
streamflow; the recession coefficient for the catchments ranged from 27 to 65 h 
(Caissie et al., 2002). In comparison, hydrograph analysis in ephemeral streams in 
Spain noted that during a 15 min period flow rose from 0 to maximum discharge, total 
duration was short (3.3 h), and lag to peak and concentration time were also very 
short,1.8 h and 2.3 h, respectively. (Belmonte and Beltran, 2001). 
 
The first concern in estimating flood discharges from rainfall intensity and duration is 
to find the amount of rainfall excess per inch (or cm) of  rainfall, and the second is to 
obtain the flood discharge which results from a given amount of rainfall excess 
(Henderson, 1963).  The most widely accepted means in deriving a hydrograph from 
any amount of excess rainfall is the unit hydrograph method (Chow, 1988). The unit 
hydrograph of catchments is defined as a hydrograph of direct runoff resulting from a 
unit depth of effective rainfall uniformly distributed over a catchments area during a 
specified period of time known as the unit duration. It represents the hydrologic 
response of the catchments to a unit input of rainfall excess. Sherman (1932) 
introduced unit hydrograph more than 60 years ago by deriving it from observed 
runoff and rainfall data. 
 
After Sherman introduced his unit hydrograph method (1932) for the advance of 
catchment runoff analysis, in 1945 C.O. Clark introduced Clark’s unit graph method 
and is still widely used.  Clark’s technique was the first fully time-distributed unit 
hydrograph technique.  Clark unit hydrograph is based on time-area rainfall-runoff 
analysis which is widely known as a hydrologic watershed routing technique.  This 
technique is believed to be applicable up to midsize watershed.  The histogram of 
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consecutive contributing watershed sub areas from the outlet in upstream direction is 
known as the TA histogram.  This histogram acts as a transfer function in input-output 
relationship.  To construct the TA histogram, the watershed time to equilibrium must 
be divided into a number of equal time intervals. After plotting the histogram the 








kj AEQ                   (13) 
 
where k is the time step number from 1 to j; Q is the runoff discharge; E is the excess 
rainfall intensity; and A is the area bounded by isochrones (Saghafian, et. al., 2002) 
 
Kull and Feldman (1998) used a radar rainfall data as an input and DEM to determine 
Clark unit hydrograph parameters (time of concentration and time-area histogram) in 
the Salt River basin of northeastern Missouri, USA. The simulation showed that the 
flow volume and peak were close to the observed values even though there were 
differences in timing and magnitudes of flows. In general the results depended on the 
quality of rainfall inputs.  Saghafian, et. al.(2002) applied a similar method in small 
catchments in West Africa and assumed that rainfall was uniform. The results showed 
that the observed hydrograph peaks were well simulated. 
 
Another type of unit hydrograph is Nash’s linear reservoir model (1957). In Nash’s 
model, catchments are represented by a series of identical linear reservoirs each having 
the same storage constant k. The output from the first catchment in this model 
constitutes the inflow to the second catchment which is further used as the inflow to 
the third catchments. Shu (1995) applied the deterministic Nash equation to examine 
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both surface runoff and baseflow. However, because of the modeling simplifications 
and the randomness of the hydrologic data, the resulting instantaneous unit 
hydrographs have uncertainties. Lin and Wang (1996) applied stochastic differential 
equations to the Nash conceptual model subject to a random storage coefficient (k) and 


















=                                                                             (14) 
 
where qn(t) is the outflow rate from reservoir n at time t and k is the storage coefficient. 
The results showed that equation 14 is applicable to cases when the observed storage 
coefficients are skewed, not normally distributed. The storage function is determined 
by the nature of the hydrologic system of a catchment.  For example, a linear 
catchment has a constant storage function.  The constant coefficients also make the 
system time-invariant; the catchments processes input into output does not change with 
time.  Skewed storage coefficient means that the system process really varied with 
time especially in the beginning of the process. 
 
The development of geomorphologic instantaneous unit hydrograph (GIUH) represents 
a significant advance (Rodriguez-Iturbe and Valdes, 1979). The instantaneous unit 
hydrograph is a hydrograph with the ordinate representing stream discharge per unit of 
rainfall excess depth per unit of catchment area, the rainfall excess being concentrated 
in a very short period of time (Henderson, 1963). Even though this is only a theoretical 
concept, it is useful because the IUH reflects the response of a catchment to rainfall 
without influence by rainfall duration; it is only related to catchment geomorphology 
(Chow et al., 1988). 
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Since a significant amount of geomorphic information is needed to produce the GIUH, 
for areas where topographic methods or GIS technology may not be available, Yen and 
Lee (1997) attempted to find an alternative approach by incorporating estimated 
geomorphic information based on stream-order within the mathematical framework of 
the kinematics-wave based GIUH. All rainfall-runoff processes were represented by 
integrating total rainfall excess along all paths towards the catchment outlet to form the 
outflow hydrograph. This method was tested in several catchments in the USA and 
Taiwan. The results indicated that the model agrees well with recorded hydrographs 
and is a potentially useful tool for hydrograph generation in ungauged and 
inadequately gauged catchments. Sepulveda (1997) predicted direct runoff from 
rainfall data using a geomorphology-based unit hydrograph and applied it to 
watersheds in east-central Puerto Rico. The results mimicked the shape of the excess 
rainfall hyetographs and the areas under the excess rainfall hyetographs equal the areas 
under the predicted direct runoff hydrographs; the accuracy of these direct runoff 
prediction methods depends heavily on the reliability of the calibrated infiltration 
parameters. 
 
Considering that the catchments on this thesis are comprised of a nested structure, the 
Nash unit hydrograph will be applied to examine the rainfall- runoff correlation.  Nash 
concept plus considering non uniform rainfall distributions is applied as the base for a 
linear spatially distributed model by Wang and Chen (1996). They derived the 
relationship between the input, output and function of the watershed based on the mass 
balance principle and a storage-release equation. However, while they calculated the 
outflow hydrograph by taking the inverse of Laplace transform and compared it to the 
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observed hydrograph, this research compared the observed by hydrograph with the 
computed hydrograph from IHACRES model (Identification of unit hydrographs and 
component flows from rainfall, evaporation, and stream flow data) developed by The 
Australian National University and the Cooperative Research Centre for Catchment 
Hydrology (Crooke and Jakeman, 2004).  Methodological details are explained in the 
next chapter. 
 
Another aspect of hydrological analysis is study of the baseflow or low flow. Baseflow 
as defined by Hall (1968) is the portion of flow that comes from groundwater or other 
delayed sources. The gradual depletion during periods with little or no precipitation 
constitutes the recession rate noted graphically on the recession limb of the 
hydrograph. The recession limb of storm hydrographs have been analyzed because 
they result from both surface runoff and groundwater flows. By subtracting 
groundwater flow rates from the hydrograph, it is possible to estimate the runoff 
hydrograph and effective rainfall or rainfall that fall on the catchments. 
 
Traditionally, recession analysis and base flow frequency analysis have been treated as 
separate problems, although both are related to low flow conditions. The form and 
analytical expression of the decay of streamflow during no rain periods may provide 
insights into the behavior of the tails of baseflow distribution functions. Additionally, 
since models for streamflow recession relatively have a straightforward physical 
background they might help in the interpretation and regionalization of base-flow 
distribution functions parameters (Gottschalk et  al., 1997). Base flow characteristics 
of rivers have been increasingly used as water demands increase. Information on 
baseflow characteristics provides threshold values for various water-based activities 
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and is required for water resource management. Recession curves describe the natural 
storages that feed the stream since they contain valuable information regarding 
catchment storage capacities and aquifer characteristics. Recession characteristics 
reflect the integrated influence of catchment topography, contributing area, soils and 
multiple reservoirs (Tallaksen, 1995; Carey and Woo, 2001). In a review of baseflow 
recession analysis, Tallaksen (1995) noted that many of difficulties in applying this 
analysis originate in the mathematical assumptions and in problems of interpreting 
actual stream hydrographs. The quality of baseflow data is often a limiting factor when 
analyzing hydrograph recession. Many shortcomings of recession analysis and the 
large number of methods that exist are also a result of the high variation in recession 
behavior both within and between catchments.  
 








tQQt exp0  has been widely used to 
describe baseflow recession, where Qt is the discharge at time t, Q0 the initial 
discharge, and k the recession constant which represents average response time in 
storage. This exponential function implies that the groundwater aquifer behaves like a 
single linear reservoir with storage linearly proportional to outflow, that is S= k.Q.  
However, it is evident that the parameter k fitted to different discharge ranges of the 
recession curves, in actual rivers do not remain constant but increase systematically 
with the decrease of streamflow, which strongly indicates nonlinearity. Nonlinear 
reservoir algorithms have been proposed and implemented in a large number of 
catchments around the world (Wittenberg and Sivapalan, 1999). Horton (1933) 
suggested such a nonlinear relationship:  
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( )mt taQQ 20 exp −=                      (15) 
 
where a2 and m are constants. Alternative forms of the nonlinear differential base flow 
and different ways of characterizing base flow recession rate are summarized by 
Tallaksen (1995). Gottschalk et al. (1997) compiled a group of distribution functions 
that can be applied to baseflow. Normal and extreme value type I probability 
distributions are commonly used for baseflow frequency analysis. The log-Pearson 
type3 distribution is widely used for frequency analysis of annual minimum flow. The 
flexibility of the Weibull distribution, as well as its theoretical basis, makes it a 
favorable application for baseflow frequency analysis. 
 
An alternative methodology for streamflow frequency estimation is the derived 
distribution approach, introduced by Bernier (1964). The concept is based on the 
assumption that it is possible to deterministically relate the variable of interest to 
another random variable. Gottschalk and Perzyna (1989) applied a similar approach; 
they formulated three main steps for the derivation of a frequency distribution for low 
flow. The steps are: dry spell model, runoff model and the transformation. Using the 
EVI distribution as the dry spell model and linear recession as the runoff model they 
derived the distributions function of baseflow, which is expressed as a two parameter 
Weibull distribution. However, a minimum of 10 years of data is needed to provide 
reliable estimates of the recession parameters (Perzyna, 1990). 
 
Interpreting recession flow using graphical techniques was first introduced by Barnes 
in 1939. This techniques have frequently been applied to distinguish different flow 
components or for separation of the total hydrograph.  However, many graphical 
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separation methods are highly subjective that, recently, subjective methods for 
analyzing compound recession curves have been abandoned in favor of analytic 
separation procedures (Tallaksen, 1995).  However, O’Connor (1976) found that the 
time of detention of chemical concentrations in the ground and surface water could be 
approximated by the recession constant of the surface and groundwater components of 
the hydrograph.  The constants were obtained from traditionally semi logarithmic 
plotting.  Therefore, graphical methods together with isotopic and chemical 
hydrograph separation techniques can be applied as a means of identifying the sources 
and pathways of river runoff. 
  
Most of the reviews included in this chapter are for the purpose of ascertaining the best 
methods for evaluating catchment functions based on hydrological investigations. For 
the temporal distribution of rainfall, the method of Upton (2002) is selected even 
though this method is more appropriate for stratiform rain which is assumed fit to 
original nature of rain in the Sumber Jaya watershed. Cross correlations between pairs 
of profiles are examined to obtain estimated inter-gauge lags. The estimated lags are 
modelled using linear dependencies on the spatial displacements of the gauge pairs and 
the velocity of the rainstorm is deduced using standard formulae.  
 
For computation the water output from nested catchments the linear spatially-
distributed model, which is based on Nash unit hydrograph (by Wang and Chen, 1996) 
will be applied to examine the rainfall-runoff correlation. Lognormal cascade models 
by Smith (1992) will be applied to examine catchment scale factors even though the 
results might not be ideal since the data will not be adequate to do such analysis. 
However, because the scales of the catchments in this research are small compare to 
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the research sited in this review, it is likely that the equilibrium scale (Ogden and 
Dawdy, 2003) will be more appropriate. Finally, hydrograph analysis will be used to 
identify physical conditions within catchments, including land cover.  
 
II.5  Historical and current socio-economic and policy influences on land cover 
and watershed conditions in Sumber Jaya 
  
II.5.1 Land use policy and history in Sumber Jaya 
 
Until the end of 19th century, the Sumber Jaya area was still forested. Cultivation of the 
area started at the end of the 19th century when the first ethnic group (Semendonese) 
arrived in Sumber Jaya from the northern part of South Sumatra. Traditionally, the first 
tribal group who occupies an area may claim the land (marga land) (Verbist and 
Pasya, 2004). The first village built by the Semendo was Sukaraja in 1891; they also 
established a community at Way Tenong. They further migrated to the south in 1920’s. 
The Semendo ethnic group was also the first to introduce coffee plantations in 
Sumberjaya, called jungle coffee. The system used was slash and burn clearing 
associated with shifting cultivation. Lands were cultivated for about 3-5 years and 
afterward abandoned; after 7-20 years they were re-cultivated and planted as 
previously (Schalenbourg, 2004). 
 
In 1951, government-sponsored resettlement programs for the ex- Indonesian army 
members, mostly residing in West Java, were implemented. As a reward for their 
services they were granted the most fertile ex-marga lands. The document of land 
transfer was signed by the village head of Way Petai, the sub-district head, and the 
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ethnic community head of Way Tenong. The name Sumber Jaya actually was given by 
the first President of Indonesia, Sukarno in 1952 (Witasari, 2006).  
 
The successful coffee plantations initiated spontaneous migration, mainly from Java 
and Bali, to Sumber Jaya. When coffee prices were high during the 1970s and 1980s, 
more spontaneous immigrants came to Sumber Jaya. These people even utilized lands 
which were not cultivated by the Semendo to be irrigated-rice fields. Because of the 
population increase, even protected forests were converted into coffee plantations and 
land degradation occurred very rapidly after 1976. 
 
By the 1980s coffee plantations spread to protection forests and the Bukit Barisan 
National Park. Therefore, in early 1990s the Government of Indonesia, under the 
former President Suharto, forcibly evicted people from the protected forest areas. This 
action preceded the construction of a small hydroelectric plant in the river at the outlet 
of the watershed. Local forestry workers believe that agricultural activities in the upper 
watershed would cause problems for the hydroelectric plant by reducing the flow of 
water available for the power plant and causing siltation that could damage the 
turbines. In protest, local people retaliated by burning the remaining vegetation. The 
eviction of communities from state forests in fact led to a more unproductive 
forestland since no rehabilitation project was initiated after the eviction; the areas were 
left as grassland after farmers were not allowed to utilize the forests anymore. 
 
After President Suharto and the regime (New Order) stepped down in 1997, the 
Reformation era came into being. At that time the power of the central government 
was weak and this created a new atmosphere for the liberation of actions and claims 
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for rights which was absent during the New Order regime, including re-opening forest 
area. There were two groups of people who tried to return to these lands. One group 
sought to re-establish their coffee farms, while the other group wanted to take revenge 
on the government by cutting down all the timber for profit, but did not want to use the 
land for farming. Other factors which drove local people to re-open the forest area 
were the economic crisis and high coffee prices. High coffee prices during the 
economic crisis afforded people in the coffee business a chance to become relatively 
wealthy (Kerr, 2004). 
 
Therefore, forest encroachment or claims on protection forestlands have increased 
since 1998. The economic crisis in 1998 also drove the government to announce a 
policy allowing farmers to use uncultivated land. Farmers thought that they could 
cultivate land in protection forests since most of the forest area was not actually 
forested anymore, and was covered by imperata and bush. As a result, land claims by 
farmers in Sumberjaya area have increased. 
 
Before the Reformation Era, the strength of informal land tenure by farmers was low. 
In contrast, the government’s control and power over the protection forests was very 
high. However, although the government succeeded in removing people from the 
protection forest, the reforestation program failed due to weak incentives for the local 
community residing in the forest zone so that they were willing to cooperate in 
protecting the forest.   
 
After the Reformation Era, farmers would only cease farming in the protected forest if 
they were compensated by the government or if a successful negotiation was achieved 
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between the farmers and the government. This condition indicated that the strength of 
the informal land tenure of the farmers is high, as is shown by the higher influence of 
farmers’ attitudes in determining compensation. Therefore, the government changed 
their policy in managing protection forest from relocating people from the forest zone 
to working more in partnership with communities (Suyanto, et al., 2002) 
 
II.5.2  Current Sumber Jaya land covers condition and socio-economic pressures  
 
Sumber Jaya within the Way Besai Watershed provides livelihoods to approximately 
90,000 people and also supports the main source of electricity for the province. The 
Way Besay watershed feeds the Tulang Bawang River, one of three major rivers in 
Lampung Province, along with the Way Sekampung and Way Seputih. The Way 
Besay also stores water for a hydroelectric run-off dam owned by PLTA Way Besay. 
Electricity generation started in 2001, but was interrupted in 2002 by a landslide near 
the turbines. The landslide was linked to a poorly designed and built road, but was 
widely blamed on forest conversion. Therefore, Sumber Jaya has been forced to make 
some real tradeoffs between land use practices and environmental services with the 
goals to create compatibility between livelihood needs and environmental services, 
including appropriate opportunities to resolve conflicts. These goals could be achieved 
through rewards for environmental services. 
 
Rewarding poor farmers for the environmental services they provide could be a 
solution. The World Agroforestry Centre (ICRAF) leads an action research program to 
develop mechanisms in Asia for Rewarding Upland Poor for Environmental Services 
(RUPES). This program contends that many poor upland and mountain communities in 
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Asia manage landscapes that provide environmental services to outside beneficiaries. 
The services include clean and abundant water supplies from watersheds, biodiversity 
protection, and carbon stores that may alleviate global warming. The RUPES program 
takes an inclusive view on payment to distinguish a broader class of mechanisms in 
payment for environmental services (PES) (Suyanto, et al., 2007). 
 
The logic is simple. First, land users often receive few benefits from environmentally 
benign land uses such as forest conservation, typically fewer than from alternative land 
uses such as intensive agriculture. However, the environmental degradation resulting 
from converting forest land can impose costs on downstream populations that will no 
longer receive the benefits of ecological services such as water filtration. Second, a 
payment by the downstream users can help to make conservation a more attractive 
option for those living upstream. Third, the payment must be more than what the 
upstream communities would gain from the alternative non-conservation land use or 
they will not change their behavior. Fourth, the payment must also be less than the 
value of the benefit to downstream populations or they will not be willing to pay for it. 
In relation to these four conditions, moving toward environmentally benign land use 
may reduce farmers’ ability to reap maximum profit from their current practice, at least 
in the short term (Warner, et al., 2004). 
 
Sumber Jaya is one of the action research sites for the RUPES (Rewards for Upland 
Poor for Environmental Services they provide) program coordinated by the World 
Agroforestry Centre (ICRAF-SEA). Types of land use promoted in Sumber Jaya are 
shade-grown (multi-strata) coffee, while the environmental services expected from 
Sumber Jaya community are higher total water yield for hydroelectricity generation via 
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runoff from the river and general watershed rehabilitation and erosion control 
(Leimonia and Prihatno, 2005). Compared with programs focused on carbon and 
biodiversity, which generally depend on international buyers, national and local level 
PES programs, particularly related to watershed management and hydroelectric 
activities, actually have greater potential for providing a continuous flow of funds and, 
therefore, for being self-sustaining. Demand for water, including watershed 
environmental services, is also projected to double or triple within the next 50 years 
primarily in developing countries (Scherr et al., 2003) 
 
The RUPES project is studying three proposed reward mechanisms. Firstly, a payment 
scheme is being tested with involving the state hydroelectric power company, which as 
a buyer expects better water quality. Secondly, land tenure is the main reward 
mechanism proposed for watershed protection and carbon sequestration projects. The 
state forestry department potentially could provide rewards for environmental services 
because it can issue permits for land use. Local communities and the government have 
begun negotiating for legal rights to land use in exchange for better state forest 
management. Thirdly, potential mechanisms are being developed to improve the 
quality of water for local domestic users by introducing the possibility of direct 
payment (Leimonia and Prihatno, 2005). In fact, the PES approach was originally 
conceptualized and used as a mechanism to improve the efficiency of natural resource 
management, not as a mechanism for alleviating poverty. The PES approach is based 
on the principle that those who provide environmental services should be 
compensated, and those who receive the services should pay for their provision 
(Pagiola and Platais, 2002). 
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II.5.3  Community forest scheme (HKm = hutan kemasyarakatan); land tenure as 
environmental service rewards. 
 
One promising approach to solve the conflict between local people and the Forestry 
Department over tenure and user rights is community forestry (HKm), in which 
communities located around forests are treated as partners in protecting and managing 
the sustainability of the forest.  Because poor people lack title and/or recognized tenure 
to lands, they are typically excluded from receiving payments for environmental 
services. Most PES schemes reward those with legal access, use, and control of the 
land. Yet, as land and resource users, the poor often play an important role in 
watershed management. More secure tenure or access could, therefore, serve as an 
incentive for better watershed management.  
 
HKm is based on a decree from the Indonesia Ministry of Forests that states: 
production and protection forests that have already been converted are available to be 
used. Under the program, groups of people are given individual rights on state 
protection forest land as long as they guarantee to plant multi-strata coffee, conserve 
soil and water, and protect the remaining natural forest areas. Multi-strata agro-forestry 
refers to a mix of different species of trees with different heights. Tall, sun-loving trees 
shelter those that require less sunshine (including coffee), and trees with different root 
lengths exploit soil and resources differently. Together they exploit resources more 
efficiently and provide better soil cover to reduce erosion and overland runoff (Kerr, et 
al., 2000).  
 
Joining the HKm scheme requires several steps. People who reside in and around 
forests and derive their livelihoods from forests should form a group and then submit a 
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proposal to the Forest Department. The group approach makes sense to reduce 
transaction costs, and all group members are people who previously had customary 
tenure. The only people excluded are those who migrated away from the area and did 
not return. The proposal must include a map of the proposed area (assembled by the 
community with assistance of Forest Department) that indicates the area where they 
can plant coffee and the natural forest area that they will protect against logging and 
forest fires. They should agree in a contract that they will plant tree species as part of 
multi-strata coffee and they must agree to implement soil and water conservation 
practices. The contract requires planting at least 400 timber and fruit trees per ha in the 
coffee gardens, with flexibility on which species to plant (Kerr, et al., 2000). 
 
Required soil conservation techniques include terraces, sediment pits, grass strips, and 
planting along the slope contour. In some areas group members must pay an annual 
fee, but the fee varies by district. In one village in neighboring Tanggamus District the 
annual fee was Rp. 36,000, or about $4 per hectare. Some residents consider this to be 
high as it exceeds the tax that landowners pay. It is based on the price of coffee at the 
time the agreement is negotiated; in 1997 coffee prices were high, but more recently 
(2005) they have been very low. As a result of the low coffee price, in Sumber Jaya 
there is currently no annual fee imposed. On the basis of these terms the groups get a 
probationary HKm permit for five years, after which time they are to be evaluated and 
can become eligible for an extension up to 25 years. 
 
In a survey (Suyanto, et al, 2002), farmers were asked about their opinions on the 
possibility of implementing community forests (HKm) and negotiating support 
schemes to resolve conflicts in the Sumber Jaya watershed area. The result showed that 
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86% of all respondents (both previous and recent migrants) said they would accept the 
rules whereby the government gives them the right to only utilize the protection 
forestland while the government still retains ownership of the land. In fact the majority 
of farmers realize that land in protection forests is state land. Based on farmers 
responses related to the three requirements for managing the land in order to get secure 
utilization rights (i.e., (1) plant multi-strata tree system; (2) use conservation 
techniques; and (3) conserve the remaining natural forest), they accepted the adoption 
of the multi-strata tree system, but preferred to adopt a multi-strata coffee system. The 
multi-strata coffee system was chosen by local farmers because coffee plantations still 
account for 89% of total land holdings by earlier migrants and 65% by the recent 
spontaneous migrants. The remaining proportion of land holdings are comprised of 
brush (imperata). All brush lands are located inside the protection forests and larger 
areas of bush fallows are owned by recent migrants because they have limited capital 
and labor to establish coffee plantations in the areas they claimed. 
 
In Sumber Jaya, 12 HKm (community-based forestry) groups with a total of about 
1035 farmers as members have so far been formed with help from the District Forestry 
Service, ICRAF, and WATALA, and a local NGO. Five groups have initial, five-year 
HKm licenses issued by Mayor of West-Lampung District  and are the first HKm 
groups licensed under the Ministry of Forestry Decree No.31/Kpts-II/2001. Those 
groups are: Bina Wana consisting of 493 farmers who manage 645 ha forest area; 
Mitra Wana Lestari Sejahtera (260 ha, 73 farmers); Setia Wana Bakti (259 ha, 145 
farmers); Rimba Jaya (600 ha, 297 farmers); and Rigisjaya II (203 ha, 74 farmers). 
Moreover, one group – Mitra Wana Lestari Sejahtera, a HKm (Community Forestry) 
Group of Abung Tugusari Sumber Jaya, West Lampung, was selected as one of 10 best 
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initiators for promoting and practicing Community Based Forest Management 
(CBFM) in Indonesia by Minister of Forestry of Indonesia (Lampung Post, 2007). This 
group has traversed a long path to receive this award. ICRAF is their partner 
organization who encouraged them to follow a selection process conducted by RLPS 
and the Ford Foundation. The process is more advanced in Sumber Jaya than in other 
areas, most likely due to the involvement of ICRAF, which received a grant to help 
promote the program and support negotiations between communities and the 
government. 
 
Focus group discussions with the farmers who have secured or are seeking HKm 
permits show clearly that they expect these to give them greater security in land tenure, 
especially if and when their permits are extended to 25-year leases. Interestingly, 
farmers who have not yet secured permits have higher expectations of secure tenure 
than those who already have them, presumably because the latter groups already have 
experienced some of the inherent bureaucratic complications.  
 
Farmers also report that their attitudes towards land care have been transformed by 
securing permits. Farmers who have secured HKm permits realize that they must plant 
timber and fruit tree species on their lands. Those with coffee farms in HKm areas on 
forest margins admit that they actively protect forests from encroachment, take 
collective action to curb and extinguish forest fires, and will even report illegal logging 
and encroachment to the authorities. These findings suggest that relations with local 
Ministry of Forestry officials have improved markedly since the era of evictions. 
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However, the survey shows that forestry officials continue to extract bribes from 
farmers occupying State Forest Areas, and, although the incidence of this graft has 
lessened among those with HKm permits, the practice is still prevalent. A parallel 
ICRAF study by Budidarsono et al. (2000) showed that migrant coffee farmers in State 
Forest Areas in Sumber Jaya who do not hold HKm permits pay about 5% of their 
income from their farms as bribes to forestry officials besides the land taxes, but they 
are willing to do so as a way of legitimizing their presence in protection forests 
(Suyanto, et al., 2002). 
 
Stakeholder perceptions and field research concur that the HKm experience has been 
positive for farmers and the environment in Sumber Jaya. Income and livelihood gains 
seem impressive and equity improvements were notable. ICRAF’s role in securing 
these gains for farmers is favorably recognized, especially by an appreciative local 
government. For its part, ICRAF emphasizes the key role of local counterparts, 
primarily the NGO WATALA, and the value of ‘bringing science to the negotiating 
table’. 
 
The negotiation support system was successful but the success lead to another 
question: is it possible that HKm will be effectively applied without external support 
agencies, like researchers or NGOs who guide farmers through the process? Most 
farmers and local officials agree that completing HKm requirements, as written in the 
Forest Ministry Decrees and Regulations, are too complicated for them without expert 
advice and assistance. 
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Most community forestry specialists agree that HKm is unlikely to be broadly applied 
unless the Ministry of Forestry is strongly convinced of the value of genuine 
community-based forest management and further legal and procedural reforms are 
introduced to simplify compliance requirements and give greater tenure security to 
farmers. Doubts also remain about the overall environmental benefits. Shade coffee 
seems undeniably preferable to hit-and-run agriculture in terms of runoff, wildlife 
habitat, and soil erosion. However, the coffee frontier is highly unstable and it remains 
unclear whether an extension of HKm would curb forest clearance in protected areas or 
only serve to draw in more migrants. Therefore, HKm apparently does not totally solve 
the problems of forest management. The number of HKm permits secured after such a 
great effort is small. Farmers complained that the leases are too short and uncertain 
and the management planning requirements remain too complex. Most problematic is 
that the government ignores the positive impacts of HKm and is investing most of its 
money in a new contract reforestation scheme called GNHRL, which is flush with 
central government funds. This new scheme diverts farmers and forestry officials’ 
attention away from HKm and long-term land care. Moreover, this scheme creates new 
opportunities for corruption. Conservationists are also concerned that HKm may be 
stimulating further invasion of protected areas and that agroforestry is now 
encroaching right up to natural forest boundaries rather than serving as buffer zones, 
making it only a matter of time before further forest clearance occurs inside the parks 








III.1  Description of the Research Site 
 
This research was conducted in the Sumber Jaya area (54,200 ha) within the larger 
Way Besai catchment in West Lampung, Indonesia. Lampung is a province on 
southern tip of Sumatra and has become a gateway of land transportation from Java to 
Sumatra Island (Figure 2). The Sumber Jaya (4º55’ - 5º10’ S and 104º19’ - 104º34’ E) 
area ranges in elevation from 700 to 1878 m asl, and is surrounded by a mountain 
chain. To the north is Mt. Benatan (1625 m), with Mt. Sekincau (1718 m) and Mt. 
Subhanallah (1623 m) lying to the west, and Mt. Tangkit Begelung (1272 m) and Mt. 
Tangkit Tebak ((1878 m) to the northeast. Bukit Rigis (1400 m) lies near the centre of 
this catchment (Figure 3. from ICRAF map collections and Dinata, 2000).  
 
Sumber Jaya is located at the piedmont zone (foothills). Topography is varies from flat 
to undulating (15% slopes), undulating to hilly (65%), and hilly to mountainous (20%) 
(Sihite, 2001). Land surface with slope gradients of 0 – 8 %, 8 – 15%, 15 – 25%, 25 -
40%, and > 40%, comprise 21.2%, 11.3%, 10.5%, 22.9%, and 34.2% of the respective 
area of the catchment (Subagyono, et al., 2005). The dominate soils in this area are 
inceptisols with 25.2% sand, 23% silt and 51.8% clay, which characterize with 
youthful soils (Agus, et al., 2002). Soil texture is dominated by silt clay at the upper 
layer and clay at the lower layer (Widianto, 2002); infiltration rates range from 24 to 
240 mm/day. Soils in Sumber Jaya are classified as in clay, sandy clay and silty clay 











Figure 3.2  Sumber Jaya catchment and the mountains surround the catchment  
where rain gages were installed 
 
Landscape of the Sumber Jaya catchment, which consists of plateaus, cliffs, and hilly 
remnants, was formed during the eruption of some part of the Bukit Barisan, the  
mountain chains along the west coast of Sumatra. The study area can be classified into 
two major landforms: alluvial and volcanoes.  Alluvial landforms were generated 
through fluvial processes of materials from the river and comprise the major feature 
along the river sides, such as the floodplain and stream channels. The alluvial plain 













catchment, covering an area of 43.637 ha (97.5%), commonly composed of basalt and 
granite (Subagyono, et al., 2005). 
  
According to Oldeman climatic classification, Sumber Jaya is within zone B1 with 
seven wet months (> 200 mm of rainfall/month) and 1 dry month (< 100 mm). 
Average annual rainfall is 2614 mm/year; average daily air temperature is 21.2 º C and 
evapotranspiration rate is 1250 mm/year (Farida and Van Noordwijk, 2004). Rainfall 
typically occurs as short-duration, high-intensity storms that are unevenly distributed 
(Sinukaban et al, 2000). The highest daily rainfall in the last 23 years was 160mm/day. 
The rainy season generally lasts from November to May and the dry season extends 
from June to September. 
 
Land use changes in Sumber Jaya: 
 
Details of land use changes in Sumber Jaya derived from classified Landsat MSS 
images are presented in Table 2 based on data from Dinata Putra (2002). Combined 
analysis from maps and satellite images indicate that forest conversion in Sumber Jaya 
has increased significantly in the last 30 yr from 60% of the inventoried land area in 
1970 to 12% in 2000. Based on BPN (Badan Pertanahan Nasional/National land body) 
maps, shifting cultivation has been disappearing since the early 1980s. From Table3.2 
it is obvious that coffee is the dominant land cover in Sumber Jaya; coffee has been the 
primary agricultural product of Sumber Jaya for nearly a century and has comprised 




Table 3.1  Land cover changes in Sumber Jaya Catchment in 1973 
 
Year : 1973 Land cover classification Area (km2) Percentage 
1 Forest 289.19 43 
2 Bushes 105.22 15 
3 Grass land 40.71 6 
4 Settlements 16.96 2 
5 Paddy fields 40.98 6 
6 Bare lands 41.89 6 
7 Mixed gardens 85.64 12 
8 Dry paddy fields 69.11 10 









Table 3.2   Land cover changes in Sumber Jaya Catchment from 1986 to 2001 
 
Year : 1986 Year : 2001  
Land cover classification Area (km2) Percentage Area (km2) Percentage 
1 Forest 176.91 23 92.44 13 
2 Bushes 111.96 15 6.92 1 
3 Grass lands 47.86 6 66.93 9 
4 Settlements 16.12 2 16.05 2 
5 Paddy fields 41.67 6 24.27 3 
6 Bare lands 16.64 2 8.51 1 
7 Coffee monoculture 136.35 18 135.50 18 
8 Coffee multi-strata 190.90 26 256.11 35 
9 Young coffee 16.41 2 129.88 18 
 Total 754.83 100 736.61 100 
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A nested catchment structure was employed in this study to assess scaling issues 
related to rainfall-runoff as well as land use in the area. The nested catchment was 
located in an area within the Sumber Jaya catchment along the western margin from 
Bodong Jaya to Suka Jaya, including the forest area called Bukit Rigis. Eight sub-
catchments were included ranging in area from 2.82 ha to 67.7 ha (Table 3.3, Figure 3. 
4). The elevation of these catchments ranges from 120 m to 600 m. Catchment 1 to 5 
and WB reflected the current Sumber Jaya land cover; catchment FR  reflected the 
remain nature forest in Sumber Jaya and catchment AF reflected agro-forest area 
which proposed as alternative land use for protecting the watershed while maintaining 
local people live (Figure 3.4). 
 
Table 3.3  The area and elevation of the study catchments 
 
Name Area  (ha) Mean 
Slope (%) 
Vegetation coverage 
Catchment 1 2.8 29 Mono coffee, Bushes 
(Imperata cylindrica) 
Catchment 2 8.2 46 Mono coffee, Imperata 
cylindrica 
Catchment 3 12.4 33 Mono coffee, Imperata 
Cylindrica, coffee mixed with 
Gliricida sepium,  
Catchment 4 20.5 20 Mono coffee, Imperata 
Cylindrica, coffee mixed with 
Gliricida sepium 
Catchment 5 27.2 26 Coffee mixed with various 
fruit trees and shaded trees 
(Agro-forest), mono coffee, 
Imperata cylindrica 
Catchment WB 67.7 26 Paddies field, sweet bark, 
coffee mixed with Gliricida 
sepium, Imperata cylindrica 
Catchment AF 4.4 29 Coffee with various fruit trees 














   Figure 3.4  Land cover in the nested catchment
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III.2  Rainfall and Runoff Monitoring Sensors and Instruments 
 
Six tipping bucket rain gages were installed atop 1.2 m poles on the hillslopes of each 
sub-catchment. Each gage was equipped with a data logger which recorded the rainfall 
at 2 min intervals and were periodically connected directly to a computer (Figure 3.5). 
Another 15 rain gages were installed in mountains surrounding the entire Sumber Jaya 
catchment at the following locations: Mt. Benatan (1625 m) to the north; Mt. Sekincau 
(1718 m) and Mt. Subhanallah (1623 m) to the west; Mt. Tangkit Tebak (1878 m) and 
Tebu to the east, and Mt. Terang, Tanjung Ujung and Mt. Payung to the south. One 
gage was located at Bukit Rigis (1400 m) in the central portion of the catchment. Other 
gages were located at lower elevations in the central portion of the catchment, 
including: Sukajaya, Bodong, Tanjung Harapan, Ringkih, Way Petai and Sumber Jaya. 
 
 




Figure 3.6  Parshall flume for catchment 1, Agroforest and forest  with the size 




Figure 3.7  Parshall flume for catchment 3 and 4 with the size throat width 0.61 m 
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Figure 3.8  Parshall flume for catchment 5 with the size throat width 1.83 m 
 
 




Parshall flumes of standard dimensions (Table 3.3) were installed at the outlets of each 
sub-catchment to monitor stream flow. The size of the flumes was determined based 
on catchment area, the size of the stream, and the likely height of the water during 
major storm events (Figures 3.6). Water level loggers were installed on each flume to 
continuously record stage. Stage readings were then converted to discharge using 





















Table 3.4.  Dimensions of standard Parshall Flumes 
 



















































X       Y 
0.305 0.844 0.61 1.34 0.610 0.91 0.91 0.228 0.076 1.37 0.914 0.051 
0.076 
0.610 1.21 0.914 1.50 0.610 0.91 0.91 0.228 0.076 1.52 1.01 0.051 
0.076 
1.83 2.67 2.13 2.09 0.610 0.91 0.91 0.228 0.076 2.13 1.42 0.051 
0.076 
            
 
 
Table 3.5  Discharge Characteristics of Parshall Flumes 
 
Throat width Discharge range 




 Minimum Maximum  
0.305 3.32 457 0.6909 h 1.522 
0.610 12.1 937 1.428   h 1.550 
1.829 74.1 2929 4.519   h  1.595 
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III.3  Data Analysis  
 
Preliminary study of rainfall distribution of Sumber Jaya watershed had been done 
using period of  daily and monthly rainfall data from 1975 – 2000 together with Way 
Besai River daily water level.  Analysis from the nested catchment actually had been 
started in October 2003. However, due to some instruments problems on the field – 
unfit instruments resolutions and some instruments were stolen - continuous paired 
data of rainfall and water discharge for study of hydrological processes was selected 
from July to December 2005.  The length of this data collection might be too short for 
statistical evaluation of the watershed hydrological functions as the impact of land 
cover change.  Therefore, statistical evaluation has been done using the longer data on 
the preliminary study while advance methods as addition to the statistical method were 
used the recent data to describe the hydrological processes on the watershed at the 
current condition. 
 





A. Measures of central tendency, dispersion and symmetry 
 
 
Generally the first property of a random variable is its mean or average value.  The 
mean, µx, of a random variable, X, is its expected value which is estimated by the 








/                       (16) 
        Where n is the number of observations. 
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The most common measure of dispersion is the variance or its positive square root of 








                   (17) 
Many distributions are not symmetrical.  They may tail off to the right or to the left 
and as such are said to be skewed.  A relative measure of skewness can be obtained by 
dividing the difference in the mean and the mode by the standard deviation.  Sample 
measure of skewness can be calculate as 
3( x - mdx )/S                                                     (18) 
mdx is the sample median. 
 
 
Changing pattern in rainfall might be clearly indicated from the shift in frequency 
distribution rather just in mean values (Ben-Gai et al, 1998), therefore the analysis 
continues with the frequency distribution. 
 
B. Probability Distribution  
 
The most widely used and important continuous probability distribution is the 
Gaussian or normal distribution.  Many statistical analysis rely on the assumption of 
normality and this assumption remain approximately valid when moderate shift from 

























xf                 (19) 
 
Gamma distribution is the sum of n exponentially distributed random variables and has 
been applied to describe the distribution of precipitation depth.  The probability 
density function for the Gamma distribution can be presented by the following 
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The expected value, the variance and the coefficient of skewness for this distribution 
are calculated from: 
                        αβ== )( REm
r
                      (21) 
22 )( αβσ == RVarR  
α/2=sC  
 
α is the shape parameter, expressing the extent of the symmetry around the mode and β 









III.3.2  Statistics analysis of Sumber Jaya rainfall  data (July – December 2005) 
 
A. Rainfall Temporal Distributions 
 
Rain gages compiled data in 2 min intervals. Data from each rainfall event in each 
catchment were plotted together. To obtain a numerical measure of relationships 
between various pairs of gages, correlation coefficients were calculated for all possible 
pairs of catchments (for example: ρ12, ρ 13 and ρ 23 were the correlations between rain 
gages in catchments 1 and 2, catchments 1 and 3, catchments 2 and 3, respectively). 
The correlation coefficient gives the statistical association between the precipitation 
series at any two stations.  
 
To determine the values of time-displacements (temporal scale), auto-correlation of 
rainfall data from each gage was calculated (for example: τ
 1, τ 2, τ 3 are the auto 
correlations of rain gages in catchments 1, 2, and 3, respectively). The auto-
correlations with increasing time lags were calculated until they had the closest values 
to the cross correlation (ρ12, ρ 13 and ρ 23). The time lags where the auto-correlation of 
one catchment (for example catchment 1, τ
 1) has the closest value with the cross-
correlation between catchment 1 and 2 (ρ12) is considered as the time needed for the 
rain pattern in catchment 1 to reach a similar pattern of catchment 2 or the time 
displacement between rain in catchments 1 and 2. However, in this analysis, only the 
auto-correlations between catchments with the lowest correlation coefficient was 
calculated to estimate the longest time lags that possibly occur between catchments. 
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Average correlation coefficient between gages from a number of rain events was 
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where =r  average correlation coefficient;  ri = total rainfall for each event 




































*ρ                                      (26) 
 
B. Rainfall spatial distribution 
 
Spatial distribution of rainfall was analysed by kriging techniques (Appendix 1). To 
compute the parameters and plot the distribution, the Easy Krig 3.0 developed by 
Dezhang Chu in 2004 was used. For this spatial analysis, rainfall data was converted to 
10 min intensity because rain events which occurred at the same time period are 
required for all catchments. Converting the data to 10 min intensity made the rain more 
homogenous compared to 2 min intensity. To facilitate the processing of the large 
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volume of recorded data, rainfall intensity was computed by software RAIN GAUGE 
1.1. this was developed by faculty of Applied Bioscience and Engineering, Department 
of Land Management, K.U. Leuven University.   
 
Sills and length are two parameters that are used to evaluate the spatial characteristics 
of rainfall distribution. Sill is a location where the variance for the subset of points 
remains nearly constant with increasing length. Length could be used as an indicator of 
homogeneity of rainfall spatial distribution. The longer the distance in which the 
variance reaches its maximum, the more homogeneous the spatial distribution is. 
 
III.3.3  Statistical analysis of daily rainfall–water discharge relationship (1975 – 1989) 
 
A. Rainfall – discharge Coefficient Correlation 
 
Coefficient correlations between monthly data of rainfall and water discharge was 
calculated to investigate whether discharge data series are correlated with or 
independent from rainfall data.  An estimation of  cross correlation coefficient ρ is: 
( )( )































r             (27) 
 
B. Time series analysis of rainfall- discharge relationship 
 
One statistical computations to investigate dependence characteristics of  time series 
data is by using correlogram.  Correlogram is the plot of autocorrelation coefficient (rk) 
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versus time lags (k) of the series. For an independent series the population correlogram 
is zero for k≠ 0.  An estimate of autocorrelation function (rk) is : 
( )( )
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With the probability limits for the collelogram of independent series for 95 percent 
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III.3.4  Rainfall-water discharge relationship (July – December 2005) 
  
A. Rainfall-discharge coefficient correlation 
 
Correlation coefficients of the continuous time series of  rainfall and discharge were 
also calculated for each rain event. The rainfall – discharge relations were analyzed via 
two catchment structures: (1) as a single, lumped catchment and (2) in a nested 
catchment structure. In the lumped system, water inputs merely came from the rainfall 
which was assumed to be homogenous over the entire catchment – i.e., using the rain 
data collected only from the closest gage to the stream inside particular catchment. For 
the nested catchment system, water inputs to a catchment were comprised of the 
accumulation of rainfall on the catchment plus water discharge from the upper 




The data series were plotted together and the cross correlation together with delayed 
time between rain and discharge were calculated by the IHACRES model (see the unit 
hydrograph section). Data for calculating the correlation coefficients came from all 
rainfall and runoff recorded from the field sites at 2 min time steps. Even though the 
input data contained both periods of rainfall and no rainfall, in IHACRES model data 
were calibrated with storm data during the given period; therefore, the calculated 
correlation coefficients basically represented correlations of rainfall and water   
discharge during storm events. 
 
 
B. Hydrograph Analysis 
 
Stream discharge and rainfall during individual storms in each catchment were plotted 
and quantitative hydrograph analysis was conducted similar to the methods used by 
McNamara et al. (1988). The components of hydrograph time analysis included:  
 
a. Time of onset of rainfall 
b. Time of onset of discharge 
c. Time from onset of rain to peak rainfall 
d. Time of discharge to reach the peak 
e. Response time: time of onset of rain minus time of onset of discharge 
f. Time of rise: time of onset of discharge minus time of discharge to reach the peak 
g. Lag to peak: time of rain reach the peak minus time of discharge to reach the peak 
h. Duration of water input: time of onset of rainfall minus time of cessation of rainfall 
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i. Time base of hydrograph: time of discharge initiation minus time of discharge 
cessation 
j. Time of concentration: time base of hydrograph minus duration of water input. 
 
Hydrograph analysis also includes the amount of rainfall and water discharge or runoff 
including: 
a. Rain prior to hydrograph initial rise (mm) and the volume (m3) 
b. Rain prior to hydrograph peak (mm) and the volume (m3) 
c. Total rain during the storm event (mm) and the volume (m3) 
d. Rain intensity (mm/min) on every event 
e. Total rainfall at the peak (mm) 
f. Discharge peak (m3/s) 
g. Total antecedent discharge: water discharge before the hydrograph started to rise 
(m3) 
h. Total baseflow (m3) during the rain event 
i. Direct runoff (m3) 
j. Runoff index = total discharge/total rain 
k. Response factor = direct runoff/total rain 
 
III.3.5 Unit Hydrograph 
 
A.  IHACRES Model 
 
First, unit hydrographs for the study catchments were computed by the IHACRES 
model. IHACRES is a catchment-scale rainfall-discharge model that characterizes the 
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dynamic relationship between catchment rainfall and discharge. Applications of this 
model include identification of unit hydrographs and continuous time series discharge 
modelling. 
 
This IHACRES model identifies hydrographs and component flows purely from 
rainfall, temperature, and streamflow data (Jakeman and Hornberger, 1993; Jakeman et 
al., 1990, 1994). The module structure consists of a non-linear loss module, which 
converts observed rainfall to effective rainfall or rainfall excess, and a linear stream 
flow routing module, which extends the concept from unit hydrograph theory that the 
relationship between rainfall excess and total stream flow (not just quick flow) is 
conservative and linear. IHACRES expresses the relationship between rainfall and 
runoff through: peak response (β), recession rate (α) and time constant (τ), and relative 
volume of quick and slow flow.  
 
By applying IHACRES to many catchments it has been found that the best 
configuration is generally two stores in parallel, except in semi-arid regions or for 
ephemeral streams where often one store is sufficient (Ye et al., 1997). In the two-store 
configuration, at time step k, quickflow, x(q)k , and slow-flow, x (s)k, combine 
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where Uk is the effective rainfall. The parameters αq and αs can be expressed as time 
constants for the quick and slow flow stores, respectively: 
 
( )qq ατ −∆−= ln                                      (31) 
 
( )ss ατ −∆−= ln                                       (32) 
 
where ∆ is the time step. Parameters expressing the relative volumes of quick (Vq) and 
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Data from water level instruments were transferred into an Excel spreadsheet and 
then inserted to the IHACRES software.   
 
The observed and the predicted discharge series were plot together in series as stated 
previously. Two series which had consistent high correlation coefficients for all 
catchments between the observed and predicted series were chosen for further event 
analysis.  These were the events on 2 August and 7 December 2005. 
 
The observed and the predicted runoff for each event were again plotted together and 
the cross correlation and regression coefficients were computed. The results from the 
IHACRES model, which were relative volume proportion of quick flow and slow 
flow; relative volume of effective rainfall (β), and contribution to the hydrograph 
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peak (α) and  time constant, were tabulated together and compared among 
catchments. 
 
B. Linear Spatially Distributed Model  
 
The linear spatially-distributed model by Wang and Chen (1996) was applied to 
investigate the outflow hydrographs from catchment series. A watershed can be 
divided into n sub-watersheds in series according to geographical properties. For the 
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where w (mm) is the storage of the sub-watershed, I (mm/h) is input to the sub-
watersheds and Q (mm/h) is output from the sub-watersheds. The storage release 
equation is: 
11Qkwi =     (35) 
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where k1 is a model parameter, and D is the differential operator (D= d/dt) 
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The storage-release equation is: 
 
222 Qkw =                        (38) 
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Similarly for the nth sub watershed 





































    
(40) 
 
Rainfall is represented using a unit step function. A step unit function is an input that 
ranges from 0 to 1 at time 0 and continues indefinitely at that rate thereafter (Chow et 
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To obtain the outflow hydrograph, the Laplace transform of the rainfall excess is 
substituted into the Laplace transform of the ordinary differential equations (Equation 
38).  The output hydrograph is finally obtained by taking the inverse of the Laplace 
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And at the seventh watershed the equation becomes: 
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Where k1, k2, k3, k4, k5, k6, k7, are the model parameters representing the travel time of 
the sub-watersheds and Q (t) is the hydrograph at the catchment outlet. 
 
All the computation processes were done by Excel spreadsheet. Aik is the water input 
(from rainfall measurements), t is time (min), and u is the storage coefficient, to be 
optimized to make it agree with the total discharge from the observation data. These 
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procedures were done for all catchments and the results were added together to form 
the discharge at the outlet (WB catchment). Cumulative discharge was plotted and 
results from nested catchments (used this linear model) were compared with the results 
from observations. At the outlet of catchment WB, cumulative discharge was also 
computed and compared between lumped (rainfall assumed homogenous over all 
catchments) and nested (rainfall distributed throughout sub-catchments and the results 
were added together) catchment structure. Storage constants (u), hydrograph ordinates 
(transfer function, u(t- i∆t)), and regression coefficients between modelled and 
observed total discharge were tabulated for comparison among catchments. 
 
C. Determination from observations 
 
The unit hydrograph for a catchment can also be constructed from observations of 
inputs and response for several significant storms of approximately equal duration.  
The steps include: 
 
a. Select four or five hydrographs from intense storms of approximately equal duration 
and at least moderately uniform areal distributions. 
b. Plot each hydrograph and separate event response from base flow. 
c. For each hydrograph, divide the ordinates by the corresponding value of effective 
rainfall to give the unit hydrograph ordinates for the individual storm. 
d. Plot the unit hydrographs on the same graph, each beginning at the same time. 
 e. Determine the peak of the composite unit graph as the average of all peaks, and plot 
the average peak at the average time of occurrence of all the peaks. 
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The unit hydrographs from all catchments were plotted and the peak response and 
recession rates were determined using the graph trend line on the Excel spreadsheet.  
Hydrograph analyses was also applied to the unit hydrograph so that similar 
characteristics as in the previous hydrograph analysis (e.g., peak response, recession 
rate, time constant (centroid lags between water input and discharge), time to peak, 
time base, base flow, discharge peak and total discharge) (m3/s) could be calculated. 
The results from all catchments were tabulated together. 
 
III.3.6  Catchment scale factor  
 
To calculate a correlation of peak flow to drainage area, the flows on the region should 
be assumed to be homogenous means the floods in a network arose from a common 
probability distribution. 
 
However, to examine the homogeneity in catchment runoff, the correlation coefficients 
among various pairs of catchments were calculated rather than the probability 
distribution. Discharge was dominated by slow flow that did not exactly follow 
common probability density distributions (normal, exponential or gamma). Since in 
this study, annual flood peak data does not exist, the analysis was applied to the 
discharge data (2 min time intervals).  
 
Relationships of discharge to drainage area have two different types of scaling 
invariance: simple scaling and multiscaling.  If the distribution of Q(Ai) and Q(A2) are 
related to each other as                                                   
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then the discharge follows simple scaling. Flood peaks are simple scaling if the annual 
flood peaks at one site can be transformed, based on basin scale, to any other site with 
the same annual flood peak distributions (Smith, 1992).   
 
Equation 44 shows that the statistical moments of discharge E (Q) are log-log linear 
with the drainage area (A) and the slopes are linear. However, this linearity can only be 
applied to small catchments. For larger catchments (e.g. >51.8 km in Appalachia 
catchments (Smith, 1992)) the slopes can be concave or convex. Concavity of the 
slopes implies a decrease in spatial variability (coefficient of variation) with increasing 
scale, while convexity implies an increase on spatial variability with scale (Gupta et 
al., 1994). This results in two distinct mathematical representations of the multiscaling 
processes. This research was conducted in relatively small catchments (100 ha); 
therefore, the analysis only tried to discern whether discharge was linearly related to 
drainage area (simple scaling). 
 
The discharge series from all catchment were plotted together to examine the 
descriptive comparison. Discharge from each catchment on the same event (day) were 
also plotted together and the equations and linear regression between total discharge 
and catchment size were calculated with the trend-line on the Excel spreadsheet. 
 
Total discharge ratio and catchment size ratio were calculated by dividing average total 
discharge or catchment size from the smaller catchment to the adjacent larger 
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catchment. This procedure was used in all events, the results were plotted, and, from 
the graph, linear regression equations were obtained. These equations showed the 
relationship between total discharge and catchment area. 
 
The probability density function of runoff (high discharge values) from WB catchment 
was computed to give a general description of the discharge distribution for the entire 
catchment area for recent catchment conditions. Theoretically, the regression equation 
for discharge and catchment size could be used to estimate discharge from other un-
gauged catchment inside Sumber Jaya as long as the discharge at the un-gauged site 
had similar distribution function. 
 
Time constant is another factor related to catchment size. Time constants were 
obtained from previous analyses (unit hydrograph) as the centroid lags between water 
input and discharge. Time constants from all catchments during all events were plotted 
together to obtain a descriptive comparison of the time constant among catchments and 
then the time constants were plotted against catchment size and the linear regression 










IV. Results and Discussions 
 
IV.1  Rainfall Analysis  
 
 IV.1.1  Rainfall temporal distribution 
 
 Within the Catchments 
 
During the study (July – December 2005), 24 major rain days occurred, representing 
only 12.5% of the total days in this period. The average cross correlations of any one 
gage to the other rain gages within the catchments are presented in Table 4.1. In all 
catchments rain events occurred within the same hourly interval, but some lag times 
were evident (in minutes). Rain distributions were highly correlated (r ≥ 0.7) amongst 
all catchments during only five of the rain days in this study (19 July, 22 August, 25 
September, 26 October and 18 November), indicating that for those days, rain fell 
homogenously over all catchments. On the other days, one catchment might have high 
r-values but not all catchments collectively, indicating that rain fell heterogeneously.  
Table 4.1 shows the average cross correlations together with the distances (m) between 
catchments for all major rain events. Within an area of approximately < 30 ha that 
includes catchments 1 through 5, cross correlations between rain gages were about 0.7 
– 0.8, while near the outlet of the catchment (catchment WB; 68 ha) the correlations 
were about 0.2 – 0.7. The correlations were even lower (0.2 – 0.4) between the 
catchments and forest area (FR). It can be concluded that rain patterns were only 
highly correlated (r ≥ 0.7) within distances of < 500 m. 
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Table 4.1  Daily average cross-correlation from one gage to the rest of the gages 
 
 
Daily Average of coefficient correlation among catchments 
Date C1 C3 C4 C5 CAF CFR 
16-Jul-05 0.298345 0.403841   0.459069 0.307098 0.190206 
18-Jul-05 0.510047 0.466725  0.574263 0.244129 0.443542 
19-Jul-05 0.952486 0.960662  0.97749 0.973713 0.931874 
02-Aug-05 0.440578 0.368632  0.522944 0.263833 0.313566 
21-Aug-05 0.471879 0.24392 0.517687 0.314581 0.292299 -0.04579 
22-Aug-05 0.777705 0.782464 0.745109 0.652387 0.572682 0.413579 
25-Sep-05 0.781395 0.764145 0.804101 0.699094 0.588346 0.205309 
18-Oct-05 0.712814 0.722281 0.701596 0.582218 0.393156   
22-Oct-05 0.566868 0.696074 0.622975 0.509745 0.329756   
23-Oct-05 0.584093 0.530136 0.44626 0.169781 0.258088   
25-Oct-05 0.72363 0.634489 0.607306 0.435997 0.47959 0.257356 
26-Oct-05 0.839183 0.750404 0.735457 0.605203  0.360082 
03-Nov-05 0.45747 0.673518 0.610762 0.441547 0.172871   
18-Nov-05 0.684072 0.720389 0.697829 0.640743 0.340826   
19-Nov-05 0.70919 0.646349 0.453432 0.558036 0.395826   
20-Nov-05 0.434234 0.470342 0.151299 0.299228 0.114708 -0.33936 
25-Nov-05 0.664426 0.649788 0.621162 0.578245 0.411551 0.081998 
27-Nov-05 0.510451 0.498357 0.525282 0.278741 0.195067 -0.03525 
07-Dec-05 0.718757 0.65773 0.520478 0.509883 0.469442 0.199205 
08-Dec-05 0.585608 0.555513 0.475366 0.425176 0.065773   




Table 4.2  Average correlation coefficients and distance (m) between catchments  
(shown in parentheses) for all major rain events combined 
 
 


























































Autocorrelation was used to calculate the approximate time lags of rainfall between 
catchments. The lowest cross correlation between catchments was applied to 
approximate the longest time lags between rain gages. The longest time lag during rain 
events was 32 min and time lags when rain fell homogenously were only < 6 min 
(Table 4.3). The maximum rainfall time lag between the catchments (32 min) was 
relatively short. If the rainfall data were recorded in 30-min or 1-h intensity intervals 
the general correlation level would be much higher and could lead to the conclusion 
that rainfall was homogenous for the entire catchment area. 
 
Table 4.3  Time lags between catchments with lowest correlation to approximate 
the longest time lag 
 
Date The Lowest Catchment Time 
   Correlation   Lag (min) 
16-Jul-05 0.191 FR - WB 15 
18-Jul-05 0.239 AF - FR 6 
02-Aug-05 0.199 AF - FR 16 
21-Aug-05 0.046 FR - WB 14 
22-Aug-05 0.416 FR - WB 6 
25-Sep-05 0.206 FR - WB 9 
18-Oct-05 0.685 AF - WB 4 
23-Oct-05 0.212 C5 - WB 10 
25-Oct-05 0.25 FR - WB 18 
26-Oct-05 0.31 C1 - WB 8 
03-Nov-05 0.182 C1 - WB 2 
18-Nov-05 0.615 AF - WB 7 
19-Nov-05 0.314 C4 - WB 12 
20-Nov-05 0.34 WB - FR 18 
25-Nov-05 0.069 C5 - FR 18 
27-Nov-05 0.175 C5 - FR 32 
07-Dec-05 0.111 C3 - FR 28 
08-Dec-05 0.132 AF - WB 12 




Rainfall within the catchments generally fell suddenly within relatively short periods 
(between 12 to 150 min) in the afternoon (13:00 to 17:00). Rainfall often occurred in 
patches, characteristic of convective storms. Convective rain developed because of 
local surface heating. When storms were preceded and prolonged by lower intensity 
rain, such as on 16 July, 22 August, 18 and 22 October, 3 and 25 November,  
7 and 27 December (Figure A.1 in appendix page 213), then the rain type was likely 
convergent. Convergent storms develop when air masses from a surrounding area with 
high pressure converge on an area of low pressure. Both of these types of rain indicate 
uneven heating on the surface; convective storms occur in smaller areas compared to 
convergent storms (Aguado and Burt, 2001). Land cover in Sumber Jaya varied 
considerably (Table 3.1). Some areas such as grasslands, settlements, brush land, 
paddy fields and bare lands are  more exposed compared to forest and agroforestry 
areas. Uneven or heterogeneous land cover leads to uneven surface heating, which 
creates patchy clouds and eventually convective rainfall. 
 
This study area is located in the lower part of the Sumber Jaya catchments and on the 
leeward side of the mountain chain. Therefore, accumulated rain in this area occurred 
with lower intensity compared to the windward side. Data from the Meteorological 
Bureau indicates that the average annual rainfall for Sumber Jaya is 1863 to 2550 mm, 
while for Wonosobo (a city on the windward side of the mountains) annual 
precipitation averages 2820 mm. Moreover, until December 2005 it appeared that the 
peak of the rainy season had not yet been reached. The peak of the rainy season in 
Sumber Jaya generally occurs in January or February. Rainy seasons in Indonesia are 
determined by the position of the ITCZ (inter-tropical convergence zone), while local 
rainfall typically originates at the small system scale indicated by cumulus clouds, 
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rather than from larger systems characterized by nimbostratus or cumulonimbus 
clouds. Floods typically occur in February; in February 2002, flooding damaged the 
office area of the hydroelectric power in Sumber Jaya. 
 
 Around Sumber Jaya Catchments 
 
Fifteen automatic rain gages were initially installed around the study area, thus the data 
record is somewhat limited. In general, storms were longer and had higher intensity 
(12 – 20 mm/min) in the upper portion of the catchments compared to the lower part 
(the nested catchments). Storms in the mountainous area around Sumber Jaya lasted 
from 150 to 540 min, typically preceded and terminated with light rain. Since rain fell 
mostly in the upper part of the catchments, and was not homogenously distributed over 
the entire catchment, the storms were likely orographic rain. Air masses that moved 
horizontally were lifted due to topographic barriers.  
 
Storms around Sumber Jaya showed little similarity in time distribution of rainfall 
among various stations. In general, the correlation coefficients between catchments 
were only ≈ 0.5. Rain peaks occurred at different times and rain intensity correlations 
were low since the source of moisture for the various mountains or hills differed.  
 
Stations with higher correlations (r ≥0.5) together with their separation distances are 
summarized in Table 4.4. Stations separated by < 2 km were consistently highly 
correlated (r >0.8), although for separations up to ≈ 17 km some correlation occurred (r 
≈ 0.5). It can be concluded that rainfall distributions inside Sumber Jaya catchments  
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Table 4.4  Distance between rain gages around Sumber Jaya catchment with 
coefficient correlation  ≥ 0.5 
 
      Distance Coefficient 
No Date Stations km Correlation 
          
1 16-Jul-05 Bodong FR - Bodong BC 0.22 0.9236 
2 22-Aug-05 Bodong FR - Bodong BC 0.22 0.8784 
    Bodong BC - Rigis 2.0808 0.5174 
    Bodong FR - Rigis 2.0808 0.4820 
3 16-Sep-05 G Payung - Tebak 3.0012 0.5852 
4 19-Sep-05 G Terang - Rigis 1.756 0.5210 
    Rigis - Subhan 13.8198 0.5060 
    Sekincau - Tebak 28.003 0.5890 
5 24-Sep-05 Subhan - Bodong FR 11.7391 0.5391 
    Rigis - W Petai 3.7574 0.5166 
    Bodong FR - Rigis 2.0808 0.5028 
6 25-Sep-05 Bodong FR - Rigis 2.0808 0.9101 
    Bodong FR - Bodong BC 0.22 0.8488 
    Rigis - Bodong BC 2.0802 0.8025 
    Sekincau - Rigis 14.1157 0.7362 
    Sekincau - Bodong FR 12.0353 0.5493 
    Sekincau - G Terang 12.3601 0.4991 
    Sekincau - Bodong BC 12.0353 0.4585 
7 04-Jan-06 T Harapan - Bodong 1.1357 0.5139 
    T Harapan - S. Jaya 7.3352 0.4897 
    Subhan - Bodong FR 11.7391 0.4324 
    Ringkih - S Jaya 4.7767 0.4125 
    T Harapan - Subhan 10.6035 0.4089 
8 09-Jan-06 Rigis - G Terang 1.756 0.6028 
    S Jaya - G Terang 5.8754 0.5595 
    Bodong - G Terang 0.3331 0.5430 
9 10-Jan-06 Rigis - G Terang 1.756 0.8181 
    T Harapan - Bodong 1.1357 0.6110 
    Subhan - G Terang 12.0645 0.4849 
10 12-Jan-06 Ringkih - T Harapan 2.5585 0.7472 
    T Harapan - Bodong 1.1357 0.6532 
    Rigis - G Terang 1.756 0.5735 
    Ringkih - Bodong 1.4229 0.5157 
    Ringkih - G Terang 1.0997 0.5107 
11 23-Jan-06 T Harapan - Bodong 1.1357 0.5708 
    Tebu - S Jaya 5.3901 0.4535 
12 30-Jan-06 Subhan - S Jaya 17.9385 0.5498 
13 01-Feb-06 Ringkih - Rigis 0.6581 0.9192 
    Rigis - S Jaya 4.1194 0.7359 
    Ringkih - S Jaya 4.7767 0.6933 
    Benatan - S Jaya 5.7209 0.6616 
14 07-Feb-06 Ringkih - T Harapan 2.5585 0.7980 
    Ringkih - S Jaya 4.7767 0.7393 
    T Harapan - S Jaya 7.3352 0.6098 
    Rigis - S Jaya 4.1114 0.5131 
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from July to December did not homogenously cover the entire area. This may imply 
that moisture derived from uplifting of air masses over topographic barriers only 
produced local storms around the mountains. 
   
For rain gages with correlations ≥ 0.5, the autocorrelations were computed only 
between Tanjung Harapan and Mount Subhan (10.6 km; r = 0.41) and between Mount 
Sekincau and Tebak (28 km; r = 0.59), which had the lowest correlations and were 
separated by the longest distances. These results show that time lags between the two 
stations were about 15 min. Time lags were probably not important factors in this 
analysis since moisture came from different sources (not from one source) and then 
moved to another area. The time lags did not reflect the time of storms moving from 
one source with specific directions. 
 
IV.1.2  Spatial distribution of rainfall 
 
 Within the Catchments 
 
The spatial distribution of rainfall (mm in 10 min time steps) was investigated using 
kriging methodology; results for major rain events are presented in Figures A.2 - A.6 
(in appendix pages 215-226). The distance at which the semi-variogram approaches a 
constant (sill) for these events is presented in Table 4.5. In general, low sill values 
indicate that rain covered the entire catchments uniformly (i.e., homogenous rain). For 
this spatial analysis, the maximum length value of 0.45 indicates that rain fell 
homogeneously over the entire catchment; while the minimum value (0.0925) indicates 
rain fell in “patchy” patterns. From the kriging analysis and the sill tables it can be 
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concluded that the source of rainfall in this catchment area generally did not originate 
from a single cloud cluster (i.e., rain was not centred in one area and instead spread 
with lower intensity throughout the surrounding area). For all events, small cloud 
clusters spread over the catchments, formed groups, grew larger, and eventually one 
cluster often dominated the area for a short time reverting to small clusters. Only 
occasionally was rainfall generated by one large cluster of clouds that continually 
dominated the area. Earlier it was noted that rainfall over the catchments was 
convective in origin, developed from surface heating. The spread of clouds also may 
reflect the uneven heating on the catchment surfaces. 
 
To examine the spatial distribution of the rain and the source of the rain, the center of 
the storms was evaluated. Mostly rainfall spread in small clusters over the catchments. 
However, occasionally one larger cluster developed, covered the entire catchment area, 
and overlaid the small clusters (23 October and 3 November). This phenomenon 
marked the beginning of rainy season. Larger clusters mostly developed over 
catchments WB, 4, and 5 (Table 4.5). Hence, more rain fell in the lower portion (near 
the outlet) of the study catchments, and sometimes in the middle part, but rarely did 
more rain fall in the upper part of the catchments.   
 
The main catchment outlet (catchment WB) was closer to Mount Subhan (west part of 
the Sumber Jaya catchments), while catchment 1 was closer to the Bukit Rigis area.
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Table 4.5  Values of sill and length as well as the locations of the center of rainfall derived from the spatial distribution of the major rain 
events presented in Figures A.2 – A.6 
 
 19 July 2005 22 August 2005 25 September 2005 26 October 2005 18 November 2005 
 Sill Length Centre Sill Length Centre Sill Length Centre Sill Length Centre Sill Length Centre 
1 1.6591 0.45 C1/AF/C5 1.9922 0.45 C4 1.1976 0.0925   0.1192 0.45 WB 1.3693 0.0925  
2 1.2425 0.0925   2.0648 0.45 C3/C4 1.5532 0.0925   1.0336 0.45 WB 0.4549 0.45 C1/AF 
3 0.8846 0.45 WB 1.8641 0.45 C5 0.8655 0.0925   1.0339 0.45 C5 1.8698 0.0925   
4 1.2197 0.0925   1.4882 0.0925   1.857 0.0925   0.0489 0.45 C5 1.0185 0.45 C5/WB 
5    2.0562 0.45 C5 1.7579 0.0925   1.6255 0.0925   0.9961 0.0925   
6    1.3001 0.0925   1.8733 0.45 C5 1.7318 0.0925   1.4735 0.0925   
7    1.5525 0.45 C5    0.4211 0.45 C3 0.6532 0.45 C5 
8    1.0131 0.0925      1.7083 0.0925   1.9341 0.45 C3/WB 
9    1.2588 0.45 WB    1.7698 0.45 WB 2.0976 0.0925   
10    1.9828 0.45 C3/C4    0.0749 0.45 WB 0.9207 0.0925   
11    1.0209 0.45 C3/C4    1.9639 0.0925      
12    0.8971 0.45 C5    0.0571 0.45 WB    
13    2.0142 0.45 C5    1.5087 0.45 WB    
14    1.543 0.0925            
15    1.1912 0.0925            





(central part of the catchment). The forest cover near Mount Subhan was denser than 
near Bukit Rigis; Bukit Rigis contained large, intense coffee plantations, consequently, 
the heavily forested Subhan area had a better moisture source than Bukit Rigis. Some 
of the mountain forests in Sumber Jaya could be considered cloud forests. These 
forests are characterised by high diversity and endemism and have a specific and 
important hydrological function. Water is directly gathered from air uplifted from 
oceanic coastlines. Cloud forests are particularly significant in Southeast Asia, 
including Indonesia. Clouds forming at dew point from moist, rising air off subjacent 
oceans in cloud forests could capture 500 to 1000 mm moisture per year (Funnel and 
Farish, 2001). 
 
     Sumber Jaya Catchments 
 
The same kriging method used for spatial rainfall distributions was applied to rainfall 
around and inside the Sumber Jaya catchments; spatial distributions for rainfall during 
the rainy season (January 2006) are presented in Figures A.7 – A.10 (in the appendix 
pages 229 – 242) The rainfall data came from a high altitude area that encircled 
Sumber Jaya, therefore they are considered as the source of moisture to the 
catchments, while the stations at the centre of the area are located at lower altitudes. 
Sill and length values are presented in Table 4.6. For this analysis, when lengths were 
≥0.225, this indicates that rainfall covered the catchments homogenously; a value of 
0.125 indicates more than one moisture source; a value of 0.0925 indicates that rain 




Table 4.6  Values of sill, length and centre of rainfall from the spatial distribution 
presented in Figures A.7 – A.10 
 
  04-Jan-06 09-Jan-06 
  Sill Length Centre Sill Length Centre 
1 0.4591 0.125 Subhan 0.7954 0.0925   
2 2.044 0.2 Subhan 2.0588 0.0925   
3 1.7117 0.0925   1.3376 0.3 Subhan 
4 0.405 0.125 Rigis/Terang 1.3641 0.225 Terang 
5 0.3396 0.125 Sumber Jaya 1.8971 0.225 Terang 
6 0.0792 0.2 Subhan 1.0523 0.225 Subhan 
7 0.8661 0.45 Subhan 1.2187 0.0925   
8 1.2734 0.0925   1.6175 0.25 Terang/Bodong 
9 1.0132 0.25 Terang 1.4656 0.15 Terang 
10 1.2362 0.1   1.5014 0.1   
11 1.8836 0.375 Sumber Jaya 1.508 0.15 Rigis 
12 2.051 0.175 Terang 2.0892 0.1 Sumber Jaya 
13 1.8216 0.175 S Jaya 1.7928 0.1 Rigis 
14 1.3587 0.25 Rigis 2.0695 0.1 Harapan 
15 1.6539 0.15 Rigis/Terang       
16 1.8518 0.1 Terang       
17 1.3988 0.15 Rigis       
 
 
  10-Jan-06 12-Jan-06 
  Sill Length Centre Sill Length Centre 
1 0.5187 0.4 Subhan 1.6076 0.0925   
2 0.5187 0.4 Subhan 1.6076 0.0925   
3 1.7983 0.4 Subhan 2.0347 0.125 Subhan 
4 1.8441 0.4 Subhan 0.0571 0.125 Ringkih 
5 1.5857 0.4 Subhan 1.1404 0.45 Terang 
6 0.0244 0.4 Subhan 1.5231 0.175 Terang 
7 0.6351 0.0925   1.7798 0.1 Terang 
8 0.7008 0.0925   1.8144 0.1 Terang 
9 1.4881 0.125 Sumber Jaya 1.3427 0.0925   
10 0.2676 0.4 Subhan 1.9732 0.1 Sumber Jaya 
11 2.0294 0.375 Tebak 1.7789 0.1 Sumber Jaya 
12 2.0409 0.1 Rigis 1.9052 0.1 Subhan 
13 2.0357 0.4 Sumber Jaya 2.0029 0.0925   
14 2.0286 0.1        
15 1.9157 0.4 Bodong/ Ringkih       
16 2.0783 0.375 Sumber Jaya       
 
 
These results indicate that most of the rain originated from the Subhan Mountain area 
(West, 1623 m asl) where rainfall was high. The other moisture sources were Mount 
Benatan (North, 1688 m asl) and Bukit Rigis (Central, 1395 m asl). Within the Sumber 
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Jaya region, Mount Subhan has the highest elevation that faces the open ocean to the 
west of Lampung Province and behind Subhan is Benatan. The core of the rainy 
season occurs when rain sources originate from larger systems (the Indonesian Ocean) 
and generate not only from local surface heating that occurs in January. This 
phenomenon can be seen in Figure A.7 (4 January, appendix page 229) when rain 
covered the entire catchment and consistently originated from Mount Subhan. 
 
Being at the centre of higher mountains with greater exposed surface areas, rainfall in 
Bukit Rigis, Ringkih, Petai, Bodong and Sumber Jaya (all gages in the central part and 
at lower elevations) likely was convergent. High-pressure air masses from the 
surrounding mountains moved together to this area with low pressure and lifted the 
moist air above Bukit Rigis. Thus, this area acted as source of rain during the dry 
season. 
 
The rainfall distribution analysis was not so complicated since the area was rather 
small (729 km2 and the catchment study area was only about 100 ha). This area scale 
can be considered as a microclimate. Small meso-scale areas usually extend from 50 to 
1000 km2 and the size of rain cells within such systems vary from 1 to 10 km2. For 
larger areas, rainfall fields consist of complicated cloud structures which develop and 
decay, merge or move apart from one another, and travel across the catchments, 






IV.1.3  Rain depth 
 
Rainfall depth also exhibited heterogeneity. A comparison of rain depths among 
catchments in the research site is presented in Table 4.7. The results show that average 
daily rainfall on days with storms varied between 20.8 mm/day in catchment WB and 
28.1 mm/day in catchment C4. Statistically, mean rainfall between all pairs of rain 
gages were significantly difference (based on t-tests at 95% level of confidence) except 
for the mean difference between C3 and CAF that was 0.05 smaller than the t-test 
(0.395) value. Previous study showed that daily rainfall did not change compared to 
the period of 1996 – 2002; daily rainfall from the same area was 26.26 mm (Manik, 
and Sidle, 2003).   
 
Similarly, rain heterogeneity was also obvious for gages on the mountains around 
Sumber Jaya catchment. Daily rainfall average varied between 16.7 mm/day (Gunung 
Terang) to 41.23 mm/day (Bukit Rigis) (Table 4.8). Mean differences among 
catchments were significant except for rain depths at Subhan, Gunung Payung, and 
Harapan. The research catchments, located in the lower part of the Sumber Jaya 
catchment, experienced lower daily rainfall compared to mountainous areas 
surrounding Sumber Jaya. Maximum daily rainfall in the research area was 42 mm/day 
during the dry season and 61.2 mm/day in the beginning of rainy season compared to 
101.4 mm/day during the dry season and 113.6 mm/day in the rainy season in the 
mountainous area. 
 
Rainfall during individual events tends to be lower in recent time compared to the 
previous 30 years. Three stations around the Sumber Jaya catchments (Sumber Jaya, 
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Fajar Bulan and Air Hitam) had daily rainfall records from 1972 to 1998. During that 
period, Sumber Jaya had the maximum total daily rainfall (107.6 mm); the respective 
maxima at Fajar Bulan and Air Hitam were 146.9 mm and 162 mm. 
 
Table 4.7  Daily rain depth (mm) of each catchment for every rain event 
 
  Catchment 
Date C WB C 3 CAF C 1 C FR C 5 C 4 
16-Jul 13 9.8 8.6 8.6 19.6 11.4   
18-Jul 16.6 14.2 10.8 10.4 9.6 11.8   
19-Jul 13.6 13.8 13 12.4 10.6 13.4   
02-Aug 10 22.2 43.8 39.4  17.6 17.6 
21-Aug 2.4 6.4 11.6 12 10.4 11.8 12 
22-Aug 11.2 18.2 14.6 16.4 26 24.8 23.6 
25-Sep 9 28 25.6 28.2 39.2 32.6 32.2 
18-Oct 15.2 16.4 13 13  17 15.4 
23-Oct 30 40.8 43.4 40  50.8 50.6 
25-Oct 22.2 35.8 43.8 54.8 44.2 54.6 57.2 
26-Oct 31.4 29.4 24.2 32.2  40.6 39.4 
02-Nov 12.6 20.4 22.6 22.2 30.6 24.4 25.2 
03-Nov 28.2 22.2 17.8 17.2  24.8 21.4 
14-Nov 23.8 23.6 25.4 22.4  26.2 26.2 
18-Nov 25.4 33.2 27 21  31.2 31 
19-Nov 13.8 28.4 39.4 43.4  34 35.8 
20-Nov 13.2 10.2 8.2 9.4 7.6 11.4 10.8 
25-Nov 16.4 16.2 14.6 15 23 15.8 15.6 
27-Nov 11.2 8.6 8.4 9 23.8 9.4 9.2 
07-Dec 67.8 46.4 47 47.2 44.4 65.2 60.8 
08-Dec 33 26.4 16 18.8  25.2 21 
27-Dec 38.6 31.2 24.2 24.4   30.2 29 
Mean 20.84545 22.80909 22.86364 23.51818 24.08333 26.55455 28.10526 
Mean Difference 1.963636 2.018182 2.672727 3.237879 5.709091 7.259809 
    0.054545 0.709091 1.274242 3.745455 5.296172 
     0.654545 1.219697 3.690909 5.241627 
      0.565152 3.036364 4.587081 
        1.550718 







Table 4.8  Rain depth (mm) of rain gages around Sumber Jaya watershed for every rain event 
 
Catchment 
Date G Terang BC Bodong Bodong FR Sekincau Subhan G Payung Harapan Benatan Petai Tebak Rigis 
16-Jul-05  18.4 19.6 16.6 5 11.6 8 38.8   11.6 
19-Jul-05  11.6 11.4 14.8  14 9.4 9.2    
01-Aug-05 20 4.2 10.6  31.8 7  51.8   22.2 
22-Aug-05 11.4 23.8 39.6 50.6  24.6 39.6    83.4 
16-Sep-05    7 7.4 72  16.2  81.2  
19-Sep-05 16.4 11.4 32.4 54 47.6 44.6 19 10.6 33.6 44 54 
24-Sep-05   9.8 9.6 8.4 9  7.6 33.8 34.6 36 
25-Sep-05 24.4 37.2 39.2 13 31 10.4 53    77.4 
04-Jan-05 8  14  42.8  14.4 20.2  0.6 15 
08-Jan-05 19.8  22.6  16.8  27 45.6  22.6 30.2 
Mean 16.66667 17.76667 22.13333 23.65714 23.85 24.15 24.34286 25 33.7 36.6 41.225 
  1.1 5.466667 6.990476 7.183333 7.483333 7.67619 8.333333 17.03333 19.93333 24.55833 
   4.366667 5.890476 6.083333 6.383333 6.57619 7.233333 15.93333 18.83333 23.45833 
Mean Difference  1.52381 1.716667 2.016667 2.209524 2.866667 11.56667 14.46667 19.09167 
     0.192857 0.492857 0.685714 1.342857 10.04286 12.94286 17.56786 
      0.3 0.492857 1.15 9.85 12.75 17.375 
       0.192857 0.85 9.55 12.45 17.075 
        0.657143 9.357143 12.25714 16.88214 
         8.7 11.6 16.225 
          2.9 7.525 
           4.625 
  0.885055 0.12419 0.319675 0.088065 0.750685 0.062174 0.150983  0.537503 0.047206 
   0.083218 0.467254 0.43364 0.910635 0.359183 0.259705   0.055426 
    0.873226 0.452845 0.280111 0.744229 0.288727 0.468195 0.531296 0.02693 
     0.976029 0.795648 0.759157 0.739549 0.94589 0.347564 0.130919 
t test     0.778436 0.694159 0.673115 0.820697 0.562481 0.360771 
       0.698622 0.803127 0.765773 0.274322 0.045721 
         0.25069  0.86412 0.059243 
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Table 4.9  Maximum rainfall in a 10 min period of each storm  
 
Date Centre Rain 
intensity 
(mm) 
Date Centre Rain 
intensity 
(mm) 
16 July WB 3.93 23 Oct WB 8.53 
18 July C3 3.27 25 Oct WB 8.69 
19 July WB 8.42 26 Oct WB 11 
2 August C1 2.63 2 Nov WB 7.26 
21 August C3/C4/C5 6.45 3 Nov C5/WB 5.94 
22 August WB 6.21 18 Nov WB 9.2 
11 Sept C3/C4/C5 8.06 19 Nov C1/C4/C5 7.86 
16 Sept C3/C4/C5 0.382 27 Nov WB 2.95 
19 Sept WB 0.896 7 Dec WB 9.49 
25 Sept C5 11.4 8 Dec WB 10.3 
18 Oct C5/WB 3.98 27 Dec WB 7.07 
 
 
Maximum storm rainfall within a 10 min period in the catchment area varied between 
0.382 to 11.4 mm (Table 4.9).  
 
Sumber Jaya is categorized as an area with no clear distinction between the dry and 
rainy seasons; rain occurs sporadically in the rainy season, especially in the 
mountainous area surrounding the catchment. Lengths of the rainy and dry seasons 
may not be affected by local land cover since they are more determined by larger 
climate systems (i.e., position of ITCZ, Inter Tropical Convergence Zone) and 
monsoon winds, unless they are influenced by other unusual factors (e.g. El Nino). 
 
Comparing the 2005 time series for rainfall in the mountains around Sumber Jaya to 
the series from 10 years ago it can be concluded that the rainy and dry seasons have 
not changed; Sumber Jaya did not show a significant distinction between rainy and dry 
seasons. However, the amount of rain could be affected by land cover change. Forest 
conversion could affect the amount of local rainfall because open land cover results in 
the least air moisture to form clouds.
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The recent tendency of lower rainfall during individual storms is elucidated by 
estimating the probability of daily rainfall during the period from 1974 to 1998 at some 
stations of low elevation around Sumber Jaya (Table 4.10). During this period, a 2-yr 
return period ( a probability of 0.5) of daily rainfall ranged between 69 to 81 mm/day 
compared to 42 to 61.2 mm/day recently (2005). Even though the length of rainy or 
dry seasons might not change, if the amount of rain decreases, this could significantly 
differentiate rainy and dry seasons. 
 
Table 4.10  Daily rainfall (mm) estimated for storms with various return period at 














200 199 211 140 156 143 149 186 
100 180 193 130 144 134 138 171 
 50 162 174 120 133 124 127 156 
 40 156 168 116 129 121 124 151 
 30 148 160 112 125 117 119 145 
 20 137 149 106 118 112 113 136 
 10 118 130 96 106 102 101 121 
   5 99 110 85 94 92 90 105 
   2 69 80 69 75 77 72 81 
Source: Way Besai Hydrology Project
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IV.2  Rainfall- runoff relation 
 
 IV.2.1  Coefficient correlation 
 
Stream flow hydrographs and corresponding rainfall for the entire study period (July- 
December 2005) are divided into two categories: (1) the Indonesia dry season (July- 
September) and (2) the early portion of the rainy season (October–December). 
 
Stream flow hydrographs during the Indonesia dry season (July-August 2005) 
 
During the dry season, isolated rainfall occurred on 11 and 19 July and 2 and 22 
August. Runoff from some events was fairly well correlated with rainfall, while for 
other events such correlations were very poor (Table 4.11). These relations during the 
11 July event were low (-0.051 in WB catchment to 0.573 in catchment 1), but the next 
two events had progressively higher correlations. The 19 July storm correlations 
ranged from 0.46 in catchment 2 to 0.65 in catchment 4, and for the 2 August event 
correlations ranged from 0.14 in catchment WB to 0.82 in catchment 1. In the dry 
season, storm runoff did not occur in response to rainfall inputs until several storms 
occurred in sequence. Rainfall-runoff correlations declined again (0.10 to 0.59) during 
the 22 August event related to low rainfall (0.6 – 0.9 mm/min). The agroforestry and 
forest catchments always had low correlations between rainfall and runoff because of 
the more dense land cover in these catchments. Low correlations (r ≈ 0.1) also were 
noted in the Way Besai catchments because this larger area (70 ha) had mixed land 
cover which affected the relation between rainfall and runoff. Time lags between 
rainfall and runoff during the dry season varied between 2 min to 1 h.  
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Table 4.11  Rainfall-runoff cross correlation and delayed time (min) during 
certain rain event 
 
CATCHMENT 
Events C1 C2 C3 C4 C5 WB 
11 July 2005             
Delayed 4 9 11 12 15 15 
Cross Correlation 0.573 0.249772 -0.03424 0.152685 0.067634 -0.05123 
 
19 July 2005             
Delayed 3 6 16 10 14   
Cross Correlation 0.645205 0.460247 0.492703 0.650867 0.484959   
 
2 August  2005             
Delayed 4 6 6 6 7 30 
Cross Correlation 0.823367 0.799595 0.799595 0.54759 0.477122 0.135357 
 
22 August 2005             
Delayed 3 11 26 30 14 30 
Cross Correlation 0.593604 0.152345 0.036737 0.013862 0.103352 0.062296 
 
23 Oct 2005             
Delayed 1 7 8 10 11 30 
Cross Correlation 0.059704 0.590592 0.510363 0.678936 0.58447 0.116863 
 
1 - 24 Nov 2005             
Delayed 7 4 19 8 15 30 
Cross Correlation 0.61177 0.498858 0.525414 0.473472 0.445022 0.069686 
 
24 Nov - 12 Dec 2005             
Delayed 23 7 5 10 30 30 
Cross Correlation 0.053298 0.507967 0.011968 0.563361 0.657262 0.160662 
 
 
The first rainfall during the dry season occurred on 11 July. Rain fell at higher 
intensity (0.7 mm/min) over catchments 1 and 2 compared to the other catchments (0.2 
– 0.6 mm/min) and produced storm runoff in the relatively small catchments; (r = 0.59 
in catchment 1 and r = 0.25 in catchment 2 for rainfall-runoff relations). During this 
period, rain intensity was the lowest over catchment 3 (0.21 mm/min) and no 
significant stormflow occurred; therefore the correlation of rainfall-runoff was very 
low (r = -0.03) as well as for the larger catchments WB (r = -0.05). With average rain 
intensity 0.59 mm/min, rainfall-runoff relationships were not very clear in catchments 
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4 and 5 (r = 0.15 and 0.068, respectively), probably related to the larger catchment 
areas – i.e., this initial rainfall was not adequate to wet these catchments and produce 
extensive storm runoff at this larger scale. Time lags between rainfall and runoff were 
between 8 to 32 min with larger catchments experiencing longer lag times. For this 
first storm of the dry season, surface conditions of catchments were likely 
homogenously dry; thus, the surface soil exerted a dominant effect on the rainfall-
runoff relationship. 
 
For the 19 July event, the rainfall-runoff correlations were clearer. Rain intensity was 
quite homogenous at this time (0.4 mm/min) and correlation coefficients were similar 
for catchments 2, 3 and 5 (r ≈ 0.5), but with different time lags (12, 32 and 28 min, 
respectively). Time lags between rainfall and runoff reflect moisture conditions of 
catchment surfaces. Catchment 3 had the longest lag (32 min) indicating that the 
catchment was drier compared to other catchments due to low rainfall intensity during 
the previous period (0.21 mm/min). Catchment 4 experienced a lag time of 20 min, 
which was reasonable compared to catchment 2 considering the smaller area of 
catchment 2; however, the correlation coefficient of catchment 4 (r = 0.65) was higher 
than for the smaller catchments. This higher correlation may indicate that catchment 4 
had more homogenous surface conditions causing rainfall to be more evenly absorbed 
on the surface and, after the antecedent moisture deficit was reached, storm runoff 
would closely follow rainfall. The flume in catchments WB was not functioning at this 
time, thus no discharge was recorded. 
 
Rain intensity was lower again during the 2 August event (0.12 – 0.27 mm/min) 
compared to previous events (11 and 19 July) but with a longer duration; thus, the total 
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rainfall was actually higher during this event. Catchments 1, 2, and 3 showed high and 
similar correlations between rainfall and runoff (r = 0.8) with time lags ranging 
between 8 min (catchment 1) to 12 min (catchments 2 and 3). Catchments 4 and 5 had 
lower rainfall-runoff coefficients (r = 0.55 and r = 0.50, respectively) with similar time 
lags (12 and 14 min). All catchments started to wet up during this period and when 
catchments were homogenously wet, discharge was more highly correlated to rainfall 
in all catchments since soil moisture deficits did not significantly affect storm runoff. 
The slight differences in rainfall-runoff coefficients and time lags that occurred during 
these wetter conditions were mostly due to differences in catchment size. The 
correlation between rainfall and runoff was lowest (r = 0.13) in catchment WB, and the 
time lag was 60 min. For these larger catchments, the poor rainfall – runoff 
correlations reflect the more complex runoff production; not only affected by rainfall, 
but also by water detention in paddy fields near the streams as well as other complex 
land cover mosaics. 
 
During the event of 22 August, rain intensity was lower compared to the previous dry 
season storms (≈ 0.09 mm/min) and no storm flow was recorded except in catchment 
1; all discharge records in other catchments during this period appeared to represent 
base flow. Therefore, catchment 1 still had a relatively high rainfall-runoff coefficient 
(r = 0.6) with a time lag time of 6 min for this period while other catchments, including 
catchment WB, showed no correlation (r = 0.01 to 0.15) and time lags reached 1 h.  
Base flow from small catchments reached the stream faster and generated significant 
discharge compared to larger catchments.   
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From 25 August to 12 October no significant storm discharge was recorded except for 
one rain event (25 September). This event actually generated only minor storm runoff 
that, when plotted in the entire time series, did not exhibit significant correlations.  
Consequently, for the time series analysis, the rainy season was separated after mid-
October.  
 
Stream flow hydrographs during the early part of the rainy season (October- 
December 2005) 
 
A series of rainstorms occurred from the middle to the end of October (18, 22, 23, 25 
and 26 October) with average rain intensity ranging from 0.12 to 1.14 mm/min; this 
indicated that the dry season was over. Rainfall-runoff correlations for this storm series 
were similar for catchments 2 to 5 (r = 0.5 – 0.7) with time lags longer for larger scales 
(14 – 22 min). Because of this series of rain events, the catchments were 
homogenously wet and, as previous results shown, all catchments responded similarly 
to rainfall, and time lags largely reflected catchment size. Even the rainfall-runoff 
correlation for catchment WB increased slightly (r = 0.12), although the lag time was 
only 1 h. An exception to this rainfall-runoff pattern occurred in catchment 1, which 
had a very low correlation (r = 0.06) because a dam was built by the village 
administration above this catchment around the middle of October. Water was retained 
in the small impoundment and much of the storm runoff was prevented from reaching 
the stream during this early period.  
 
After a week of no rain, there were six storms in November:  3, 8, 14, 18, 19 and 20 
November (0.194 – 0.724 mm/min). Therefore, during this month the catchments 
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continued to be homogenously wet. Rainfall-runoff correlations for these events were 
again quite similar (r = 0.5 – 0.6); however, the time lags between rainfall and runoff 
differed, especially for catchments 1 and 3. After several consecutive storms, the small 
dam in catchment 1 filled; however, lag times were slightly longer (14 min) compared 
to catchment 2 (8 min). Catchment 3 had much longer lag times compared to larger 
catchments (38 min compared to 30 min in catchment 5). One reason for this longer 
lag time was that the lowest rainfall intensity occurred over catchment 3. Rainfall-
runoff coefficients remained low in catchment WB (r = 0.069) and the time lag was 1 
h. In fact, when the time lag computed by the IHACRES model equalled 1 h and the 
rainfall-runoff coefficient was low, there was no clear relation between rainfall and 
runoff. In this case, the analysis showed that a systematic rainfall-runoff relationship 
could only be observed up to the size of catchment 5 (27.2 ha). 
 
After 25 November, rainfall became discontinuous with lower intensity (1.2 mm/min); 
two weeks thereafter (7 December), rainfall occurred. During this 7 December event 
rainfall was not homogenous; high rainfall occurred over catchments 5 and 4 (0.82 and 
0.74 mm/min), moderate rainfall occurred over catchments 1, 2 and WB (0.5 – 0.6 
mm/min), and low rainfall occurred over catchment 3 (0.31 mm/min). Once again, the 
dam affected runoff from catchment 1 because of the lack of antecedent rain, causing 
the rainfall-runoff correlation to be lowest in all catchments (0.05 with a 46 min lag). 
Catchments 2, 4 and 5 showed similar rainfall-runoff correlations (r = 0.50 – 0.66) 
with time lags related to catchment size (14, 20, and 60 min respectively). Time lag in 
catchment 5 indicated that after a somewhat dry period, it took longer for rain to yield 
discharge. As noted previously, catchment WB responded similarly to rainfall (r = 
0.16). 
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Rainfall-runoff correlations and time lags depend on antecedent moisture in 
catchments. For dry conditions, the first rainfall (11 July; 0.7 mm/min) was able to 
generate storm flow from catchments 1 (2.84 ha) and 2 (8.21 ha) with water yields of 
27 and 15%, respectively (Table 4.11), while water yields were only 1 – 6% for the 
other catchments. This differential response may indicate that runoff occurred largely 
as Hortonian overland flow in catchments 1 and 2 and as saturated overland flow from 
the small riparian zones in the other catchments (Sidle et al., 2000). A similar situation 
occurred during the next storm (19 July; 0.4 mm/min): water yields were 37 and 24% 
from catchments 1 and 2, respectively, while only 1% in the other catchments. After 
the catchments were homogenously wet in the third event (2 August), runoff occurred 
from each sub-catchment with rather high water yields (32 to 74%). It appears that 
during these wetter conditions storm runoff contained subsurface flow in addition to 
saturation overland flow and Hortonian overland flow. When soils are uniformly wet, 
almost all rainfall may contribute to storm runoff (Tani, 1997). Similarly, five rain 
events in 18, 22, 23, 25 and 26 October (0.123 – 1.143 mm/min) resulted in high water 
yields in all sub-catchments (15 – 68%). Six low-intensity rain events on 3, 8, 14, 18, 
19 and 20 November (0.194 – 0.724 mm/min) produced average water yields of 12 – 
27% in the beginning and 38% at the end of the month. Runoff was probably 
composed of previous water stored in the catchment soils and direct contributions from 
subsurface flow (Sklash et.al, 1986). The increased hydrologic response reflected the 
effect of cumulative antecedent moisture on storm runoff production (Sidle et al., 
2000). After no rain for two weeks, water yield from the 7 and  30 December rains 
(0.129 – 1.022 mm/min) was a bit lower (average 27%); subsurface flow was still the 
dominate source of water yield.  
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IV.2.2  Storm Hydrograph Analysis 
 
The shape of storm hydrographs reflects how catchments transform precipitation into 
runoff and is indicative of several characteristics of catchments, including surface 
geology, soils, morphology and vegetative cover. Hence, quantitative analysis of 
hydrographs is a valuable tool for comparing hydrologic characteristics among 
different catchments (McNamara et al., 1998). 
 
Hydrograph analysis was applied in this study to describe rainfall-runoff relations 
associated with catchment conditions, particularly land surface cover. Storm hydro- 
graphs for individual events are presented for each catchment (Figure A.11 in appendix 
page 246). The time analyses of those hydrographs are presented in Table 4.12, while 
the runoff indices are presented in Table 4.13. In general, rain occurred almost at the 
same time over the entire catchment area (see the results on rain distribution). This 
hydrograph analysis covers seven individual rain events that yielded significant storm 
runoff: 2 August, 23 October, 25 October, 26 October, 2 November, 19 November, 
and 7 December. Combined with the rain depth analysis, these hydrographs show that 
runoff only occurred if rainfall reached a minimum intensity of 20 mm/day. 
 
As mentioned in the previous section, the first rain event occurred on 11 July followed 
by a storm on 19 July; however, these events did not result in significant measurable 
storm runoff, water discharge mostly came from base flow. The first significant storm 
runoff was measured on 2 August, even though rain fell at a low intensity (0.076 – 
0.27 mm/min). Since rain occurred in more isolated areas during the dry season (11 
July, 19 July and then 2 August), the time needed for rainfall to produce the  
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Table 4.12  Time analysis of individual runoff hydrograph 
 
 
Date Time of Time of Time of  Time of  Response  Time of lag 
Duration 
of Time  Time of 
02-Aug-05 rain start discharge rain reach Discharge time rise to effective base of concentration 
  start the peak reach the peak min min peak water hydrograph min 
       min input min   
          
    
  min     
Catchment 1 09:40:00 11:06:00 11:08:00 11:56:00 86 50 48 146 102   
Catchment 2 09:40:00 11:14:00 11:10:00 12:04:00 94 50 54 146 102   
Catchment 3 09:40:00 11:22:00 11:20:00 11:56:00 102 34 36 138 124   
Catchment 4 09:40:00 11:20:00 11:52:00 12:06:00 100 46 14 144 98   
Catchment 5 09:40:00 11:22:00 11:52:00 12:08:00 102 46 16 144 124   
Catchment AF 09:34:00 11:06:00 11:14:00 12:02:00 92 56 48 156 124   
Catchment FR 09:48:00 11:24:00 11:50:00 12:00:00 96 36 10 140 82   
Catchment WB 09:44:00 11:58:00 11:46:00 13:12:00 134 74 86 128 290   
           
          
 
Date Time of Time of Time of  Time of  Response  Time of lag 
Duration 
of Time  Time of 
25-Sep-05 rain start discharge rain reach Discharge time rise to effective base of concentration 
  
 start the peak reach the peak min min peak water hydrograph min 
        min input min   
          
    
  min     
Catchment 1 15:42 17:00:00 16:02:00 17:04:00 78 4 62 52 22   
Catchment 2  No record   
Catchment 3 15:40 17:14:00 15:56:00 17:18:00 94 4 82 56 56   
Catchment 4 15:36 17:12:00 16:00:00 17:28:00 96 16 88 56 48   
Catchment 5 15:36 16:52:00 15:56:00 17:24:00 76 32 68 58 212 154 
Catchment AF 15:48 16:58:00 15:58:00 17:18:00 70 20 80 42 92 50 
Catchment FR 15:36 16:48:00 16:02:00 17:12:00 72 24 70 68 44   
Catchment WB 15:46 17:48:00 16:12:00 19:46:00 122 118 214 54 366 312 
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  Time of Time of Time of  Time of  Response  Time of lag 
Duration 
of Time  Time of 
Date rain start discharge rain reach Discharge time rise to effective base of concentration 
23-Oct-05  start the peak reach the peak min min peak water hydrograph min 
        min input min   
          
    
  min     
Catchment 1 16:14:00 16:16:00 16:34:00 16:36:00 2 20 2 56 70 14 
  17:48:00 18:10:00 18:20:00 18:20:00 22 10 0 82 102 20 
Catchment 2 16:14:00 16:38:00 16:34:00 17:14:00 24 36 40 56 220 164 
  17:48:00 18:18:00 18:20:00 19:02:00 30 44 42 82    
Catchment 3 16:12:00 16:46:00 16:56:00 17:16:00 34 30 20 64 260 196 
  17:50:00 18:16:00 18:44:00 19:06:00 26 50 22 126    
Catchment 4 16:12:00 16:44:00 16:58:00 17:14:00 32 30 16 58 74 16 
  16:52:00 18:18:00 18:18:00 19:04:00 86 46 46 78 172 94 
Catchment 5 17:50:00 18:16:00 18:22:00 19:12:00 26 56 50 70 82 12 
Catchment AF 16:12:00 No significant water rise   
Catchment FR No rain   



























































02-Aug                
Catchment 1 8.20 232.88 33.60 1942.56 39.40 1118.96 0.270 2.00 0.22 73.77 45.29 871.20 825.91 0.78 0.74 
Catchment 2 11.40 612.18 36.60 1965.42 39.40 2115.78 0.270 2.00 0.44 97.38 135.00 1363.20 1228.20 0.64 0.58 
Catchment 3 9.40 1159.96 19.60 2418.64 22.20 2739.48 0.161 1.20 0.29 98.49 127.80 1203.60 1075.80 0.44 0.39 
Catchment 4 4.80 981.60 17.20 3517.40 17.60 3599.20 0.122 1.40 0.40 90.66 76.32 1244.28 1167.96 0.35 0.32 
Catchment 5 5.20 1415.44 17.20 4681.84 17.60 4790.72 0.122 1.40 0.57 310.12 418.32 2291.04 1872.72 0.48 0.39 
Catchment AF 11.80 518.02 42.80 1878.92 43.80 1922.82 0.281 2.40 0.16 37.67 59.47 201.00 141.53 0.10 0.07 
Catchment FR 2.00 206.60 9.60 991.68 10.60 1094.98 0.076 1.20 0.14 53.26 28.70 129.12 100.42 0.12 0.09 
Catchment WB 10.00 6768.00 10.00 6768.00 10.00 6768.00 0.078 1.00 0.21 318.04 725.04 2501.76 1776.72 0.37 0.26 
                





















































25-Sep                
Catchment 1 28.20 800.88 28.20 800.88 28.20 800.88 0.542 3.20 0.02 9.90 2.48 24.00 21.52 0.03 0.03 
Catchment 2 No record 
Catchment 3 28.00 3455.20 28.00 3455.20 28.00 3455.20 0.500 3.40 0.02 18.79 6.84 54.96 48.12 0.02 0.01 
Catchment 4 32.20 6584.90 32.20 6584.90 32.20 6584.90 0.575 3.20 0.23 37.41 16.28 302.16 285.88 0.05 0.04 
Catchment 5 32.80 8928.16 32.80 8928.16 32.80 8928.16 0.566 3.60 0.21 24.73 114.00 1473.36 1359.36 0.17 0.15 
Catchment AF 25.60 1123.84 25.60 1123.84 25.60 1123.84 0.610 3.00 0.02 7.60 9.18 64.56 55.38 0.06 0.05 
Catchment FR 38.00 3925.40 38.00 3925.40 38.00 3925.40 0.559 2.60 0.03 9.47 13.02 74.64 61.62 0.02 0.02 

























































23-Oct                
Catchment 1 2.80 79.52 10.40 295.36 40.40 1147.36 0.721 1.60 0.04 10.97 195.96 482.64 286.68 0.42 0.25 
 23.40 664.56 14.80 420.32    1.00 0.04 136.94      
Catchment 2 11.60 622.92 20.60 1106.22 40.40 2169.48 0.721 1.60 0.27 51.36 514.08 2000.40 1486.32 0.92 0.69 
        1.60 0.22       
Catchment 3 13.20 1628.88 26.40 3257.76 40.80 5034.72 0.638 2.20 0.41 66.49 506.88 2863.68 2356.80 0.57 0.47 
        1.00 0.31       
Catchment 4 13.20 2699.40 28.60 5848.70 50.00 10225.00 0.862 2.00 0.34 36.12 518.40 2224.44 1706.04 0.22 0.17 
 18.20 3721.90 19.40 3967.30    1.80 0.30 110.21      
Catchment 5 2.40 653.28 20.60 5607.32 22.20 6042.84 0.317 2.00 0.48 269.76 1512.00 2729.28 1217.28 0.45 0.20 
Catchment AF No significant water rise 43.80 1922.82 0.153 No significant water rise 133.20 133.20 0.07 0.07 
Catchment FR No rain 
Catchment WB 9.40 6361.92 4.40 2977.92 30.40 20574.72 0.123 2.60 1.07 472.39 3679.20 16810.20 13131.00 0.82 0.64 
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initial discharge response in all catchments was long (> 1 h). The storm hydrograph of 
2 August indicated that duration of the direct runoff (≈ 1 hr, 30 min) was shorter 
compared to the duration of rain (≈ 2 hr, 30 min) because water might infiltrate into the 
soil and evaporation was high on this dry day. Storm runoff peaks appeared quickly 
(40 to 50 min and even as short as ≈ 15 min in larger catchments 4 and 5), indicating 
that runoff occurred as saturated overland flow from nearby riparian areas. 
 
Response factors or runoff coefficients, calculated as direct runoff divided by total 
rainfall, indirectly indicate how catchments respond to the water inputs (McNamara et. 
al., 1988). The response factors for this dry season in catchments 1 and 2 were quite 
high (0.74 and 0.58) compared to other catchments (≈ 0.3) (Table 4.13), indicating that 
more water was rapidly routed as runoff in these smaller catchments compared to 
larger catchments where more water could be stored. Catchment 4 had the lowest 
response factor (0.32), indicating that most water was retained on the catchment 
surface, possibly due to the more dense vegetation cover in this catchment compared to 
other catchments. 
 
The outlet of the nested catchment, system (consisting of catchments 1, 2, 3, 4 and 5) 
is catchment WB (Way Besai). Water from these nested catchments flow to the main 
river of Sumber Jaya catchment, Way Besai. Catchment WB is generally much larger 
(67.7 ha) and flatter than the other catchments (2.8 to 27.2 ha) and contains paddy 
fields near the outlet. These conditions might create different hydrograph 
characteristics in WB compared to other catchments. On 2 August in the dry season, 
the time lag between the onset of rainfall in catchment WB and the initial storm runoff 
was quite long (2 h, 14 min), and the duration from the rainfall peak to the discharge 
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peak was 1 h, 26 min. Even though rainfall duration during this event was almost the 
same as in other catchments (2 h), direct runoff duration was much longer (almost 5 h) 
in WB. This was the longest lag time to initial storm runoff because of the time needed 
for the low intensity rainfall (0.078 mm/min) to wet this large catchment before 
contributing significantly to storm runoff. The response factor for catchment WB was 
0.26, lower than in catchment 5 (0.39), which was reasonable in the dry season since 
larger areas respond more slowly and because rainfall was less in this larger 
catchment. 
 
The next rain event (25 September) occurred with moderate intensity (0.167 – 0.610 
mm/min). Five low intensity events (0.03 – 0.8 mm/min) preceded the 25 September 
storm (21 and 22 August, 11, 16 and 19 September); however, those events did not 
generate significant storm runoff. This indicates that the dry and hot season continued 
until near the end of September; the low to moderate intensity rains that occurred in the 
late afternoon were convective storms, usually of short duration with patchy coverage. 
During such dry conditions, the rainfall on 25 September had a moderate intensity (0.5 
to 0.6 mm/min) and occurred in late afternoon indicating that this was a convective 
storm with only local coverage.  
 
During the next two storms (18 and 22 October), no significant storm flow was 
recorded; however, storm flow occurred during the 23 October event. The intensity of 
the 23 October event was quite high (0.6 to 0.9 mm/min) except over catchment 5 (0.3 
mm/min) and WB catchment (0.123 mm/min). Patchy rainfall in the late afternoon also 
indicates that the storm was convective. However, this 23 October event had two rain 
peaks, which indicates that the moisture came from two different sources. 
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Furthermore, with the occurrence of a rain series during this same week could signal 
the onset of the rainy season. October is the transition period between the dry and rainy 
seasons; air temperature is usually lower in October than in the July – September 
period. This situation explains why the time lag from the onset of rainfall to initial 
storm discharge in this 23 October  event was shorter for the first peak (20 – 30 min); 
much shorter for catchment 1 (2 min). Catchments were moist from the previous rain 
and only needed a small amount of additional moisture (2 – 13 mm) prior to the initial 
hydrograph response compared to the 2 August event. Catchment response was similar 
to the previous event (2 August); high response factors occurred in catchments 1 and 2 
(0.25 and 0.69) and a low response factor (0.17) was measured in catchment 4. In 
catchment 3, which usually had a low response factor (but higher than catchment 4), 
the response factor was quite high (0.47) during the 23 October event. Catchment 1 
might be nearly saturated at this time with most of the runoff produced as saturated 
overland flow. Based on field surveys, catchment 3 was well covered with thick brush, 
monoculture coffee and mixed coffee plantations (Figure 3.4), but the slopes were 
relatively steep (33%). Probably with high rainfall and the wet antecedent moisture 
conditions, the steep slopes promoted rapid flow to streams via overland flow. 
 
As previously mentioned, the 23 October storm had two rain peaks. For the second 
peak, catchments 1, 2 and 3 needed about 20 – 30 min before the second discharge 
increase. Even though the catchments were moist, they still needed some time before 
the second hydrograph peak responded to the second rainfall peak because the rain had 
suddenly stopped and started again after more than 1 h. The fact that the second runoff 
response needed a similar lag time as the first response to rainfall (20-30 min) 
indicates that these catchments rapidly drain the previous excess rainfall to the stream. 
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The more open surfaces of catchments 1 and 2 and steeper slopes in catchment 3 
(33%) could explain this rapid runoff response. For catchment 1, once the initial 
hydrograph rise occurred it coincided closely with rainfall and the discharge peak 
occurred simultaneously with the rain peak. In catchments 2 and 3, 14 – 20 min was 
required before discharge reached the peak.  
 
IV.3  Unit hydrograph 
 
To estimate stream discharge from rainfall intensity and duration, the first concern is to 
ascertain the amount of rainfall excess per unit rainfall input and secondly to calculate 
discharge from a given excess rainfall. The most common method of addressing the 
latter problem is by applying unit hydrograph analysis. Unit hydrographs represent the 
characteristic response of a given catchment to a unit volume of effective water input 
(usually rain) applied at a constant rate. Unit hydrographs are the most trusted and 
widely used transfer functions for modelling of hydrological response (Dingman, 
1993). Assuming that the catchment responds linearly to rainfall inputs, hydrograph 
analysis may closely correspond to the real situation, especially for small watersheds 
ranging from < 0.5 ha to 25 km2 that experience short duration storms (Chow et al., 
1988). 
 
In this study, unit hydrographs are analyzed by three different methods: IHACRES 
model (Croke, et al., 2005), a linear spatially distributed model for nested catchments 
(Wang and Chen, 1996), and unit hydrographs constructed from observations of 
rainfall inputs and stormflow responses for several significant storms. These methods 
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have different purposes, thus different information on catchments characteristics can 
derived from these analyses.  
 
First, unit hydrographs were calculated with the IHACRES model. This model was 
developed by the Integrated Catchment Assessment and Management (iCAM) Centre 
of The Australian National University. The purpose of the model is to characterize the 
dynamic relationship between basin rainfall and stream flow. Beside the unit 
hydrographs and modeled stream flow time series, outputs from this model include 
hydrograph separation into dominant quick and slow flow components. Thus, the 
results could be used as a qualitative analysis of the effects of changes in land use 
practices in the catchment on stream flow. 
 
Next, unit hydrographs were calculated using a linear spatially distributed model for 
nested catchments developed by Wang and Chen (1996). This model can predict water 
discharge at the outlet of nested catchments based on water inputs from the upper 
contributing catchments. Water discharge predicted by this model was compared with 
observed water discharge at the catchment outlets. Based on the results from the linear 
model, storage constants (k) were calculated for all catchments. 
 
Finally, unit hydrographs were constructed from observations of rainfall input and 
stormflow response for several significant storms. From the unit hydrographs, the 
exponential equations of peak responses were calculated along with the recession rates 




IV.3.1  Unit hydrograph estimated by the IHACRES model 
 
Comparisons of observed stream discharge with simulated discharge for runoff data in 
the dry season (July – August) and in the beginning of rainy season (November – 
December) are presented in Figure A.12 in appendix page 250 for the case where 
catchments were treated as lumped catchments; Figure A.13 in appendix page 253 
shows the comparisons when catchments were treated as nested catchments. There 
were five rain events during the dry season (July - August 2005) and overall the 
IHACRES model predicted discharge quite well for the dry season with correlation 
coefficients ≥ 0.9 for catchments 1 to 3 and r ≥ 0.7 for catchments 4 and 5; only 
catchment WB had a low correlation for this period (r = 0.4). During the early part of 
the rainy season (November - December 2005) correlation coefficients for IHACRES 
simulations during the seven storms were ≥ 0.7 for all catchments except catchments 1 
and 3 (Table 4.14).  
 
Table 4.14  IHACRES cross correlation between observed and modelled water 
discharge for every catchment for the two periods of data 
 
Date CATCHMENT 
July - August 2005 C1 C2 C3 C4 C5 WB 
Model Correlation (r) 0.9206239 0.902141 0.902066 0.741926 0.66394 0.402613 
 
Date CATCHMENT 
Nov - Dec 2005 C1 C2 C3 C4 C5 WB 
Model Correlation (r) 0.4214873 0.693661 0.010165 0.792202 0.895915 0.784154 
 
From the streamflow data series for the dry season and the beginning of rainy season, 
two storm events were chosen to evaluate hydrograph parameters: the storm on 2 
August (Figure A.14 and Figure A.15 in appendix pages 256 - 259) and the storm on 7 
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December (Figure A.16 and Figure A.17 in appendix pages 261-265).  The hydrograph 
parameters derived from the IHACRES model are presented in Table 4.15.  
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Table 4.15  Parameters from IHACRES model both for catchments presented as lumped and as nested catchments 
 
Parameter Lumped 
  Exp 
  02-Aug  (A) 07-Dec  (B) 
  Catch 1 Catch 2 Catch 3 Catch 4 Catch 5 Catch WB Catch 1 Catch 2 Catch 3 Catch 4 Catch 5 Catch WB 
Period Delay  4 6 6 6 7 30 4 7 5 10 30 30 
Recession Rate (αs) -0.872 -0.884 -0.885 -0.801 -0.909 -0.997 -0.918 -0.967 -0.99 -0.959 -0.993 -0.997 
Peak Response 1 (βs) 0.128 0.116 0.115 0.199 0.091 0.003 0.082 0.033 0.01 0.048 0.067 0.03 
Peak Response 2 (βq)               
Time Constant (τs) 7.301 8.098 8.187 4.495 10.44 338.37 11.616 29.435 99.499 24.089 14.355 370.975 
Volume Proportion  1 (νs) 1 1 1 1 1 1 1 1 1 1 1 1 
Volume Proportion  2 (νq)               
Mass Balance Term (C) 0.0229 0.1385 0.0876 0.0278 0.215 1.739 0.0199 0.1614 0.003 0.0283 0.0837 0.0587 




  Exp + Inst 
  02-Aug  (C) 07-Dec  (D) 
  Catch 1 Catch 2 Catch 3 Catch 4 Catch 5 Catch WB Catch 1 Catch 2 Catch 3 Catch 4 Catch 5 Catch WB 
Period Delay  4 6 6 10 30 30 4 7  10 30 30 
Recession Rate (αs) -0.915 -0.915 -0.915 -0.967 -0.992 -0.997 -0.948 -0.994  -0.967 -0.942 -0.997 
Peak Response 1 (βs) 0.062 0.066 0.065 0.021 0.054 0.003 0.029 0.004  0.021 0.054 0.003 
Peak Response 2 (βq) 0.261 0.229 0.231 0.358 0.074 0.02 0.443 0.269  0.358 0.078 0.003 
Time Constant (τs) 11.32 11.229 11.378 29.585 16.765 348.972 18.548 17.862  29.585 16.765 396.109 
Volume Proportion  1 (νs) 0.739 0.771 0.769 0.642 0.926 0.98 0.557 0.731  0.642 0.926 0.992 
Volume Proportion  2 (νq) 0.261 0.229 0.231 0.358 0.074 0.02 0.443 0.269  0.358 0.074 0.003 
Mass Balance Term (C) 0.023 0.145 0.092 0.00728 0.0864 0.381 0.00244 0.0246  0.00728 0.0864 0.115 




  Exp Exp + Inst 


































Period Delay 6 5 6 30 7 10 30 30 6 5 6 14 7 10 30 30 
Recession Rate (αs) -0.852 -0.72 -0.65 -0.972 -0.821 -0.883 -0.789 -0.997 -0.911 -0.807 -0.958 -0.932 -0.993 -0.999 -0.999 -0.997 
Peak Response 1 (βs) 0.148 0.28 0.35 0.028 0.179 0.117 0.211 0.003 0.058 0.091 0.025 0.068 0.005 0.001 0.001 0.003 
Peak Response 2 (βq)          0.352 0.529 0.409 0.002 0.385 0.279 0.31 0.002 
Time Constant (τs) 6.241 3.041 2.321 35.269 5.068 8.031 4.212 297.076 10.733 4.676 23.441 14.272 134.834 943.97 879.568 356.07 
Volume Proportion  1 
(νs) 1 1 1 1 1 1 1 1 0.648 0.471 0.59 0.998 0.615 0.721 0.69 0.998 
Volume Proportion  2 
(νq)          0.352 0.529 0.409 0.002 0.385 0.279 0.31 0.002 
Mass Balance Term (C) 0.0646 0.0354 0.0065 0.00725 0.00162 0.0035 0.00763 0.0387 0.069 0.0175 0.0348 0.0665 0.0133 0.0104 0.02 1.136 




Lag times between rainfall and runoff predicted by the IHACRES model typically 
ranged between 4 to 20 min in catchments 1 through 5 and were about 1 h for WB. In 
smaller catchments, time lags were not related to catchment area. Water discharge 
from nearby riparian areas in small catchments reached the stream channel more 
quickly than water routed from the upper catchment, while in larger catchments water 
discharge was significant only when water routed from upper catchments reached the 
main stream. 
 
Peak responses (βs and βq) are coefficients of effective rainfall (Table 4.15), the 
relative volume of effective rainfall that contributes to hydrograph peaks for slow (s) 
and quick (q) flow, respectively. The recession rate (αs) is a storage constant. Table 
4.15 (A and D) displays the results when catchments were considered as a lumped 
system. The results of the IHACRES analysis for the case of a single storage system 
(Table 4.15 A and B) show that when slow flow was the only discharge component 
(volume proportion for slow flow = 1) then > 80% of the slow flow was stored 
(recession rate, αs) in all catchments, and only a small amount (< 1 %) contributed to 
the peak of the hydrograph (β).  
 
Analyzing the catchments based on two storage components (quick and slow flow; 
Table 4.15 C-D) indicates that quick flow contributed to storm discharge. Relative 
portions of the discharge volume that occurred as quick flow were 0.2 – 0.4 for 
catchments 1 through 4, but this proportion was almost negligible for catchments 5 and 
WB (0.02 to 0.07) (see the volume proportion νq in Table 4.15. C-D). Despite the 
domination of slow flow during storm runoff, only small amounts of slow flow 
contributed to the hydrograph peak; most of this slow flow was stored in the 
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catchments or discharged as base flow. Slow flow contributed only 2-6% to the 
hydrograph peaks in catchments 1 through 5 and only 0.3% in WB (see the value of 
peak response of slow flow βs); > 90% of the runoff simulated during these storms was 
stored in the catchments (see the value of recession rate αs). In contrast, all of the quick 
flow contributed to the hydrograph peaks (νq and βq have the same value in Table 4.15 
C-D).    
 
When rain is the only source of water input, using one storage component will result in 
all runoff occurring as slow flow and most of the slow flow will be stored. When storm 
discharge is dominated by slow flow, this implies that the catchments are dry and the 
majority of flow is derived from water that has percolated through the soil subsurface 
(Post, 2002). 
 
Dual storage analysis showed that slow flow is still the dominant component of water 
discharge and, consistent with the one storage analysis, most of the slow flow was 
stored and only 2-6% contributed to the hydrograph peak. The remaining contribution 
to the hydrograph peaks consisted of quick flow.   
 
Stored water may indicate that the land surface is well covered by vegetation and water 
is actively transpired by vegetation roots. However, some quick flow was simulated in 
the dual storage analysis. Quick flow likely originates from overland flow on bare 
surfaces and steep slopes or from saturated land flow (e.g., riparian areas). In 
catchments 1 through 4, quick flow comprised 20-40% of the water discharge. 
Catchments 1 to 4 were covered by monoculture coffee plantations and shaded coffee 
with rather open soil surfaces and steep slopes (29-46%). While quick flow was almost 
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negligible for catchments 5 and WB (2 to 7%) because catchment 5 was moderately 
steep (20%) with multistrata coffee and monoculture coffee and catchment WB was 
relatively flat with monoculture coffee, multistrata coffee, and paddy fields. 
 
If we consider that water inputs originate not only from the rain, but also from water 
discharged from the upper catchments (i.e., catchments considered as nested), the 
hydrograph predictions from the IHACRES model differ somewhat from considering 
the system as a lumped model (Table 4.15 E – H). First, if we assume that water 
discharged only via slow flow (Table 4.15 E-F), the simulations indicate that more 
slow flow contributed to the hydrograph peaks compared to the lumped system (14.8 - 
35% compared to 1- 20%). An exception was catchment WB, where only 2.8% of the 
hydrograph peak was attributed to slow flow during the 2 August event and only 0.3% 
during the 7 December event. 
 
For smaller catchments, more slow flow contributed to hydrograph peaks in the nested 
catchment system indicating that water routing from upper catchments was adequate to 
raise the soil moisture levels in lower catchments above the threshold required to 
generate runoff. However, for the larger catchment (WB), water routing from upper 
catchments was not sufficient to increase discharge above slow flow levels. 
 
Assessing the nested catchments in IHACRES using the two-component storage 
algorithm (Table 4.15 G-H), 50 to 70% of total storm runoff volume was attributed to 
slow flow (99.8% from catchment WB). Hence, 30 to 50% of stormflow originated 
from quick flow (only 0.2% from catchment WB). These percentages are only slightly 
different compared to the case when catchments are analyzed as a lumped system (20 – 
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40% for quick flow). Consistent with the previous results, slow flow only contributed 
small amounts of storm runoff to the hydrograph peak; 2.5 – 9.1% during the 2 August  
event and only 0.1 to 0.5% during the 7 December event. For these simulations, most 
of the water input (> 90%) was stored. 
 
Slow flow continued to dominate the water discharge in the two-component storage 
algorithm indicating that water routed from the upper catchment area contributed more 
to slow flow, while quick flow, originating from the rapid conversion of rainfall to 
saturated overland flow, did not increase much in the nested catchments. The 
dominance of slow flow also indicates that most of the discharge in the lower stream 
came from water stored in the catchment area rather than from water routed from the 
upper streams. 
 
Previous applications of IHACRES to other areas (except for semi-arid regions or 
ephemeral streams where one store typically suffices) indicate that the best model 
configuration is to incorporate two stores in parallel (Ye et al., 1998). Catchments in 
semi-arid regions respond rapidly to substantial rainfall events; therefore, there is no 
significant identification of the slow flow component in the linear module in 
IHACRES. In contrast, slow flow is the dominant component in Sumber Jaya 
catchment indicating that Sumber Jaya catchment responds slowly to rainfall. 
 
The time constant calculated in the IHACRES hydrograph analysis is the time for 
water discharge to decay to exp (-1) or about 37% of its peak value. These values were 
relatively short for all catchments except WB (Table 4.15). Because slow flow 
dominated water discharge in these catchments, only the time constant for slow flow is 
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presented in the IHACRES model. The longest decay time calculated for catchments 1 
to 5 was 29.6 time steps (since 2 min steps were used in this analysis, this is about 1 h). 
Exceptions were the WB catchment for all events and all catchments during the 7 
December event that had a time constant of > 100 time steps (> 200 minutes). In 
smaller catchments (up to catchment 5, 27.2 ha), all slow flow discharged to the stream 
in about 1 h. For catchment WB (70 ha), slow flow persisted longer because of the 
large catchment area, indicating that storm water routing from the upper catchments 
continued to discharge to the stream.   
 
In general, it can be concluded that most of the storm discharge from these catchments 
was slow flow. From the value of βq in Table 4.15, the maximum effective rainfall that 
was translated into quick flow in the smaller catchments was only 50%; in the large, 
relatively flat catchment WB this value was only 2%. Of the remainder of the effective 
rainfall that discharged as slow flow, only 1 to 10% of this contributed to hydrograph 
peaks, the rest was stored. The physiographic condition of the catchments, such as 
infiltration capacity, slope gradient, and land cover, could explain why soils stored 
more water.  
 
Some of the catchment characteristics are presented in Table 3.2, Table 3.3 and Figure 
3.4.  Mean slope in catchments 1-3 was rather steep ranging from 29 to 46%, while 
gradients in catchments 4, 5 and WB were generally more moderate (20-26%) 
(Subagyono, 2005). The general slope characteristics and vegetation cover conditions 
in various catchments are described as follows: catchments 1 – 2 are steep with 
monoculture coffee plantations; catchment 3 is steep with monoculture coffee 
plantations and shaded coffee; catchment 4 is moderately sloping with monoculture 
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coffee plantations and shaded coffee; catchment 5 is moderately steep with multistrata 
coffee and monoculture coffee; and catchment WB is relatively flat with monoculture 
coffee, multistrata coffee, and paddy fields. The monoculture coffee was dominated by 
young (3-7 yr) and older coffee (>7 yr) with leaf litter covering the soil surface. 
Results from research in Sumber Jaya showed that mean litter dry weight was 2.1, 1.8, 
1.2, and 1.2 mg/ha for forest, agroforestry coffee, shade coffee, and monoculture 
coffee, respectively (Hairiah et al., 2005). Litter on the soil surface plays an important 
role in maintaining soil macropores and water infiltration. The greatest distribution of 
soil macropores was found under forest cover followed by shaded, multi-strata, and 
monoculture coffee; in general, the average number of macropores within a vertical 
plane of soil in all coffee-based systems was about 2.99 – 3.6% compared to 12.3% in 
forest soil (Hairiah et al., 2005). 
 
Based on plot measurements, the average water infiltration rates on flat slopes of forest 
soils was about 4.9 mm min-1, while infiltration rates in the agroforestry area, shaded 
and monoculture coffee plantations were about 2.2, 1.8, and 2.1 mm min-1, 
respectively. On steep slopes infiltration rate in the forest area was 3.0 mm min-1, 
while steep slopes of the agroforestry area and shaded and monoculture, coffee areas 
were 1.3, 2.65, and 3.0 mm min-1, respectively. On flat slopes, forests had the highest 
capability of absorbing water while all coffee-based systems including agroforestry 
had similar effects on absorbing water. On steep slopes infiltration rates declined in 
forest areas and agroforest systems indicating that some overland runoff occurred. In 
contrast to forests, agroforest lands, and shaded and monoculture coffee areas had 
higher infiltration rates. Interactions between slope gradient and vegetation cover were 
not consistent in this catchment. Rain intensity was not homogeneous in the Sumber 
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Jaya area; rain over forested areas might be higher than in the lower catchment (coffee 
based area) causing runoff in forest area to be higher than in coffee areas.   
 
The comparison of IHACRES dual storage models for lumped (Table 4.15 C and  D) 
and nested (Table 4.15 G and H) catchments indicates that even though slow flow still 
dominated water discharge, summing the upper catchment storm runoff as water inputs 
to downstream catchments increased the proportion of quick flow contribution to total 
storm runoff. The proportions of quick flow contributions to storm runoff were 0.269 
to 0.385 in catchment 2, 0.358 to 0.529 in catchment 4; and 0.074 to 0.409 in 
catchment 5; no quick flow increases occurred in the larger catchment WB.  
 
Up to a certain area, water routed from smaller upslope catchments increased quick 
flow in the lower catchments. Only after the upper catchment area reached 20 ha 
(catchments 1 to 4) was the flow contribution to the lower catchment (catchment 5 ≈ 
27 ha) significant. Quick flow did not increase at the outlet of catchment WB, probably 
because this large catchment (70 ha) required flow from the larger upper catchment (> 
27 ha) to significantly increase discharge. 
 
Since slow flow contributes insignificantly to the hydrograph peak, the peak could be 
estimated merely from quick flow. Considering IHACRES simulations for both events 
(2 August and 7 December), when water inputs were only from rainfall (Table 4.15 C 
and D) the values of βq (the relative volume of effective rainfall that contributes to 
hydrograph peak for quick flow) were highest in catchment 1 (2.84 ha; 0.443) 
compared to catchments 2 (8.21 ha; 0.269), 3 (12.39 ha; 0.231), and 4 (20.45 ha; 
0.358). These proportions were much smaller in the larger catchments: the peak 
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response (βq) in catchment 5 (27.2 ha) was only 0.074 and in catchment WB (67.7 ha) 
βq was only 0.003. Both of these larger catchments required more water flow from the 
upper catchments to increase storm discharge rather than only rainfall. Therefore, 
better land cover management is needed in the upper catchments to retain water to 
reduce the amount of quick flow from upper catchments that contributes to discharge 
at the catchment outlet or river. 
 
IV.3.2  Unit hydrograph estimated by the linear spatially distributed model 
 
Rainfall-runoff relations for catchments in the nested system were also estimated using 
a linear, spatially distributed model (Wang and Chen, 1996). Model predictions were 
quite good for both the 2 August and 7 December events; regression coefficients were 
> 0.9 (Table 4.16). The model estimated stream discharge from rainfall inputs with 
storage constants and travel times as the model parameters. Storage constant was the 
only parameter that was optimized in the model to improve agreement with observed 
discharge data; storage constants and regression coefficients between observed and 
predicted discharge are presented in Table 4.16.   
 
The storage constant (u) is a transfer function in the system; it describes the response 
of the output to a given input sequence. In this model, the output of the system is a unit 
step response function, which is the accumulation of the discharge up to that time. 
Therefore, this model estimated total water discharge rather than discharge for a unit 
time step (Figure A.18  in appendix page 267).  
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Table 4.16  Storage constant calculated from the linear model (Figure A.18) and the regression coefficient between observed and 
predicted discharge. 
 
Catchment Storage Unit Regression     Total Total 
  Constant hydrograph    Discharge Discharge 
  (u) ordinate R2 Slope m3/s m3/s 
02-Aug-05   u(t-i∆t)-exp(-t-i∆t/ki)   Predicted Observed (observed) (predicted) 
   
 
         
Catchment 1  0.0031 0.14 ± 0.0611      
Catchment 2 0.0013 0.057 ± 0.024 0.9786 0.3579 0.3114 5.86352021 5.201391 
Catchment 3 0.005 0.23 ± 0.097 0.9822 0.4022 0.3463 7.06992762 7.07469 
Catchment 4 0.0016 0.074 ± 0.031 0.9811 0.3618 0.3632 7.05099297 7.166646 
Catchment 5 0.00297 0.13 ± 0.057 0.9782 0.3701 0.3362 13.0060274 13.30267 
Catchment WB 0.002907 0.13 ± 0.056 0.9818 0.3771 0.3135 19.5046192 19.79035 
Catchment WB*   0.9674    6.492653 
  
 
     
   
 
     
07-Dec-05 (u)       
   
 
     
Catchment 1 0.003 0.35 ± 0.178      
Catchment 2 0.006 0.07 ± 0.0355 0.9801 0.3131 0.301 7.7458757 7.898575 
Catchment 3 0.005 0.047 ± 0.0234 0.8603 0.3353 0.2765 2.04854426 2.674588 
Catchment 4 0.0004 0.047 ± 0.0234 0.9856 0.3125 0.3123 14.2061591 14.28144 
Catchment 5 0.0016 0.183 ± 0.091 0.9802 0.2992 0.3115 52.3819887 52.68203 
Catchment WB 0.0011 0.23 ± 0.117 0.8891 0.3234 0.2877 177.333333 177.131 
Catchment WB*   0.8959    121.56 
 
* Catchments were considered as a lumped system with homogenous rainfall 
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All catchments exhibited small variations in storage constants during the 2 August 
event: 0.003 for catchments 1, 5 and WB; 0.005 for catchment 3; 0.0013 for catchment 
2, and 0.0016 for catchment 4 (Table 4.16). During the 7 December event, the storage 
constants were similarly small: 0.003 to 0.005 for catchments 1 – 3; 0.0016 and 0.0011 
for catchments 5 and WB, and 0.0004 for catchment 4. These constants indicate that 
for all catchments only a small portion of water input discharged to the stream. This 
small contribution is supported by the slope of the output rate (Figure A.19 in 
appendix page 270), which was small ≈ 0.3 and homogenous; the relatively flat slopes 
indicate that discharge rate was slow.   
 
By assigning the storage constant (u) at the hydrograph ordinate {u(t- i∆t)-exp(-t-
i∆t/ki)} (Table 4.16), the general total water storage in the WB catchment at the end of 
the nested catchment (catchment WB) can be estimated by Equation 42 for the 2 
August 2005 event as: 
 
Q(t) = 0.13 AiWB+ 0.13 AiC5+ 0.074 AiC4+ 0.23AiC3+ 0.057+AiC2+ 0.14AiC1           (45) 
 
and for the 7 December 2005 event as: 
 
Q(t) = 0.23 AiWB + 0.183 AiC5+ 0.047 AiC4+ 0.047 AiC3+0.07 AiC2+ 0.14AiC1       (46) 
 
where Ai = water input or effective rainfall on each catchment. 
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By comparing observed and predicted discharge rate at the catchment outlet (WB) 
(Table 4.16) it can be seen that discharge rate at the outlet (WB) was better estimated 
by considering distributed rainfall and water routed from upper catchments (nested 
catchment system) rather than homogenous rainfall over the entire catchment (lumped 
system). Discharge rate estimated using the lumped catchment model was 6.49 m3/s 
and 19.51 m3/s using the nested model, while the observed discharge was 19.79 m3/s 
during the 2 August event. For the 7 December event these values were 121.56 m3/s for 
lumped catchments, 177.333 m3/s for nested catchments, and the observed value was 
177 m3/s. 
 
IV.3.3  Unit hydrographs estimated from several observations 
 
The analyses of hydrographs shown in Figure A.19 in appendix page 270(summarized 
in Table 4.17) show the basic hydrograph shape resulting from the average of several 
hydrographs for individual events. Therefore, hydrographs in Figure A.19 can be 
viewed as a summary of hydrographs derived from Figures A.12 (see hydrograph 
analysis section). Based on the composite hydrographs in Figures A.19, the peak 
responses and recession rates for each catchment are given in Figure A.20 in appendix.  
page 272. The real peak responses and recession rates are shown in the upper part of 
Table 4.17.  However, since each catchment had different discharge rates, these values 
were indexed to standardized rates (from 0 to 1; see lower part of Table 4.17) to 

























Catchment 1 Q =  0.00002 e 0.0784t Q =  0.0059 e -0.072t 23.496 64 120 0.0001058 0.0049 0.129 
Catchment 2 Q =  0.00005  e 0.1661t Q =  0.0164 e -0.072 34.349 42 103 0.000112 0.0196 0.423 
Catchment 3 Q =  0.00008  e 0.2359t Q =  0.1104 e -0.145x 36.726 29 83 0.000107 0.026 0.569 
Catchment 4 Q =  0.00003  e 0.1722t Q =  0.0435 e -0.1138t 36.945 44 93 0.000202 0.028 0.607 
Catchment 5 Q =  0.0002  e 0.1335t Q =  0.0172 e -0.1041t 43.833 39 98 0.000898 0.048 0.911 
Catchment WB Q =  0.0005  e 0.031t   Q =  0.0922 e - 0.0329t 220.035 159 305 0.000129 0.045 4.31 
Catchment AF Q =  0.00006 e 0.1602t Q =  0.0031 e -0.1137t 29.108 39 90 0.000113 0.002 0.041 




     
 Peak rate Recession rate 
Catchment 1 Q = 0.0739 ln(t) + 0.6948 Q = -0.0054t +1.0516 
Catchment 2 Q = 0.0834 ln(t) + 0.6903 Q = -0.0056t + 1.0576 
Catchment 3 Q = 0.1116 ln(t) + 0.626 Q = -0.0083t + 1.0762 
Catchment 4 Q = 0.0798 ln(t) + 0.6998 Q = -0.0080t + 1.0670 
Catchment 5 Q = 0.0939 ln(t) + 0.6581 Q = -0.0071t + 1.0704 
Catchment WB Q = 0.0837 ln(t) + 0.5776 Q = -0.0021t + 1.0874 
Catchment AF Q = 0.0729 ln(t) + 0.7345 Q = -0.0058t + 1.0487 






 Results show that most catchments had similar peak discharge rates (between 0.0729 
– 0.0837 ln (t)); exceptions were catchments 3 and 5, which had slightly higher rates 
(0.0939 and 0.1116 ln (t)) (Table 4.17 and Figure A.20). Stormflow increased slowly 
in the study catchments; this response supported the previous unit hydrograph analysis 
that indicated that most of the water was stored within the catchments rather than 
directly contributing to storm runoff in streams as quickflow. Peak runoff responses 
from the agroforestry catchment were similar to those in catchment 1 (0.0729 ln (t) and 
0.0739 ln(t) respectively), while peak responses in the forest catchment (FR) were 
similar to catchment 2 (0.0833 ln(t) and 0.0834 ln(t), respectively); however, these 
results do not suggest that land cover had no effect on discharge. Discharge rate from 
the agroforesty catchment was much lower (0.041 m3/s) compared to other catchments 
(0.1 to 4.3 m3/s) (Table 4.17). Peak discharge rate is determined by the rate and 
duration of the input and the catchment characteristics. Since the rainfall could be 
considered heterogeneous and catchment characteristics varied, peak runoff response is 
not totally reflected by catchment land cover (Dingman, 1993). The same situation is 
true for the forest catchment. The peak responses of the forest catchment were similar 
with other catchments and so were the discharge rates (0.114 m3/s). Even though the 
discharge rate from the forest catchment was similar with catchment 1 (0.129 m3/s), 
significant stormflow response in the forest stream only occurred during 2 storms 
compared to 7 events in the other catchments. Thus, for most storms the forest 
catchment retained much of the water. 
 
Catchment WB had the slowest recession rate (0.0021t), followed by catchments 1, 2, 
and AF (-0.0054t, -0.0056t and -0.0058t, respectively), with catchments 3, 4, and 5 
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having the fastest recession rates (-0.0083t, -0.008t and -0.0071t, respectively). 
Surprisingly, the forest catchment (FR) had the fastest recession rate (- 0.0253t), but 
this was only documented for two 2 discharge events compared with seven events in 
the other catchments.  
 
The larger size of catchment WB along with the flat outlet area is the reason why the 
recession limbs of storm hydrographs were slowest in WB. Storm runoff continued to 
be routed from the upper catchments long after rainfall stopped. Although the similar 
recession rates in catchments 1, 2 and AF may indicate that storage constants were 
similar, these do not reflect the same catchment characteristics. Comparing peak 
responses and recession rates, storm hydrographs generally exhibited slower rising 
limbs and more rapid falling limbs (Figure A.20 appendix page 272). This response 
pattern indicated that soils in the catchments were able to hold and store the water. 
When the rain started, rainwater initially infiltrated into the soil before flowing to 
streams; when the rain stopped, the discharge ceased rapidly. 
 
Time constants are one parameter to represent characteristics of catchment response. 
However, since different ranges in discharge typically follow different decay constants 
at different times, it is difficult to identify a precise catchment time constant. Time 
constant, which is equal to the centroid lag of the catchment, is related to the time 
required for water to travel to the catchment outlet and is influenced by catchment size, 
soil properties, geology, slope gradient, and land use (Dingman, 1993).  The centroid 
or centre of the mass is simply the weighted-average time of occurrence.  Time 
constants are strongly related to drainage area even though such relationships vary 
from region to region. In general, the most rapid response occurred in the smallest 
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catchments: 23 min in catchment 1 (2.84 ha) compared to 44 min in catchment 5 
(27.22 ha), and 220 min in WB (67.68 ha) (Table 4.17). However, the response did not 
always increase linearly with catchment size. Catchments 2, 3, and 4 had similar 
response times (34, 37 and 37 min with areas of 8.4, 12.4 and 20.5 ha, respectively).   
 
Water moves fastest toward streams as surface flow and slowest as subsurface flow.  
From the previous analysis, discharge from the study catchments mostly occurred as 
slow flow (subsurface flow). Therefore, catchments with higher hydraulic conductivity 
(e.g., sandy soils) have smaller time constants compared to catchments with low 
conductivity (clayey soils). Catchments 1, AF (agroforest) and FR (forest) had similar 
time constants (23, 29 and 27 min, respectively) which were lower compared to the 
other catchments (Table 4.17). The most rapid response was observed in catchment 1; 
this is related to the small catchment size (2.84 ha) and land cover, which was 
dominated by monoculture coffee plantations. The similar time constants obtained for 
the agroforestry (4.4 ha) and forest (10.3 ha) catchments do not imply that the better 
land cover of the forest catchment did not affect the travel time for water to reach the 
streams. Discharge rate from the agroforesty catchment was much lower (0.041 m3/s) 
compared to other catchments (0.1 to 4.3 m3/s) (Table 4.17). Therefore, the rapid 
discharge from the agroforestry catchment obviously came from saturated overland 
flow in the riparian area while other water was stored in the catchment. The same 
situation is true for the forest catchment; even though the time constant for the forest 
catchment was similar to catchment 1, significant stormflow response in the forest 
stream only occurred during two storms compared to the seven events in the other 
catchments. Thus, for most storms the forest catchment retained much of the water. 
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Catchments 2, 3, and 4, which had almost the same time constants (34, 37 and 37 min 
with areas of 8.41, 12.39 and 20.45 ha, respectively) actually had rather different 
slopes but similar land cover. In general, catchment 2 was steep (46%) with 
monoculture coffee, catchment 3 was moderately steep (33%) with monoculture coffee 
and shaded coffee, and catchment 4 was moderately sloping (20%) with monoculture 
coffee and shaded coffee. It appeared that vegetation coverage somewhat nullifies the 
effect of slope, while the particular type of coffee-based vegetation system did not 
affect water storage. Catchment size had a greater effect on discharge rate than on the 
time constant; discharge rate from catchments 2, 3 and 4 were 0.423 m3/s, 0.569 m3/s 
and 0.607 m3/s respectively.  
 
Catchment 5 is moderately sloping (26%) with multi-strata coffee and monoculture 
coffee; similar slope gradients (26%) and land cover (monoculture coffee, multi-strata 
coffee) existed in catchment WB, but WB has a larger flat area of paddy fields. Time 
constants were only affected by catchment size in larger catchments (> 27 ha), i.e., 44 
min in catchment 5 (27.2 ha) and 220 min in WB (67.7 ha).  
 
Time to peak, time base, peak discharge, and discharge rate did not totally reflect 
catchment characteristics since these hydrograph properties are also determined by the 
rate and duration of water inputs (effective rain), especially if the rain distribution is 
non-homogenous. However, in general, discharge rate exhibited a linear increase with 
catchment size (Table 4.17). Rain distribution in the catchments was not always 
homogenous; however, significant stormflow responses in main streams were only 
measured when rain fell over the entire catchment area. For such cases, total storm 
discharge was determined mainly by catchment area. 
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Quantitative descriptions of storm discharge response in the study catchments based on 
1 mm/hr effective rainfall (unit hydrographs) are shown in Table 4.17. Assuming that 
catchments respond linearly to rainfall inputs, both the hydrograph shape and 
discharge for different amounts of rainfall could be estimated from values in this table. 
For example, a 1 mm/h rainfall on catchment 1 would generate an initial discharge of 
0.000106 m3/s; this would increase based on the peak response equation with the 
recession dictated by the equation for the recession rate. A 2 mm/h rain would double 
the initial storm discharge, thereafter the peak response and recession rate would be the 
same. The peak storm discharge or average discharge rate for the 2 mm/h rain could 
also be attained by simply doubling the related values in Table 4.17.  
 
IV.4. Area scaling factor 
 
Comparisons of various discharge time series sequences for different sized catchments 
are shown in Figure A.21 in appendix page 276; discharge rate values are presented in 
Table 4.18. Catchment areas in the range from 2.8 to 20.5 ha (catchments 1 through 4) 
did not increase the storm water discharge significantly. Discharge increased when 
catchment areas reached 27.2 ha (catchment 5) and continued to increase significantly 
up through the largest catchment (WB, 67.7 ha) during most storms.   
 
Before investigating the effects of catchment size on hydrologic response during 
storms it is necessary to check the consistency and homogeneity of stormflow. This 
was accomplished by calculating cross-correlation coefficients for discharge among 
the catchments  Seven out of 11 events in all catchments showed high correlations (r > 
0.8); some low correlations exist in catchment WB because of the  
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Table 4.18  Discharge rate (m3/s) in each catchment with catchments listed in order of increasing area 
 
 
Data Period C1 AF C2 FR C3 C4 C5 WB 
5 - 14 July 17.65167 54.10198 19.2713 19.62042 303.8502 236.5331 822.8091 63.60639 
14 - 21 July 10.0123 15.79475 81.80751  152.7799 114.725 413.6486   
22 July - 4 August  45.57171 38.0879 94.70626 43.78751 87.10868 83.28903 208.1906 161.1874 
4 - 24 August 79.50981 126.2267 223.6929 78.20802 257.4336 245.7211 744.8877 2295.114 
24 August - 9 September 60.5588 71.13745 169.682 46.04892 142.9058 135.1302 428.2197 6627.192 
9 - 30 September 96.39731 100.5926  101.4771 228.1654 231.103 744.0857 1886.497 
30 September - 12 October 36.00862 36.33409  38.2768 89.03296 80.01591 193.0048 1210.924 
12 - 31 October 364.4187 112.494 461.0786 210.766 535.647 365.3929 2021.39 4290.419 
1 - 24 November 437.6193 145.4591 599.6675 251.0164 598.5612 409.4603 2331.995 10057.93 
24 November - 12 
December 100.8847 8.327143 164.2546 85.25075 268.1643 183.554 582.5586 6959.167 





distance to the outlet and, in catchment FR (forest), because of better land cover. In 
general, when rain fell homogenously over the entire catchment area, storm runoff from 
every catchment will be similar. Therefore, these stormflows can be compared with each 
other to investigate the area-scaling factor. 
 
Scaling factors were attained by computing area ratios and discharge ratios for all 
catchment pairs (Figure A.22  in appendix page 280) and then finding the relationship 
between these ratios (Figure 4.1). Figure A.22 shows the relationship between discharge 
rate and catchment area for individual storm events, while Figure 4.1 shows the relation 
between discharge rate ratio (dividing discharge from one catchment by discharge from 
the next larger catchment) to catchment size ratio (dividing catchment size by the size of 
the next larger catchment). The equation for average discharge rate ratio as a function of 
area ratio is:  
 
y = 0.0464e 4.3893x with r2 = 0.6158          (47) 
y = discharge rate ratio; x = catchment size ratio 
 
The relatively low regression coefficient showed that discharge in a particular catchment 
did not always correspond to catchment size and that some inconsistency in the discharge 
ratio may exist when the catchment size ratio is too small. However, if discharge 
measurements are limited for adjacent catchments of comparable size, Equation 38 may 
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Figure 4.1  Total discharge ratio increases with increasing catchment size ratio 
 
 
Smith (1992) stated that the key concept underlying the scaling hypothesis is that annual 
flood peaks at one site can be transformed based on catchment size to have the same 
distribution as annual peaks at any other site. Annual flood peaks are “simple scaling” if 
firstly catchments are homogenous. Catchments are considered homogenous if flood 
peaks for any basin in the region arise from a common distribution. Secondly, the 
distribution of flood peaks for any two basins can be equated by a scale function that 
depends only on the relative areas of the two basins.  
 
Water discharge data used in this analysis did not come from annual flood peak 
distributions since they were not available. Analysis of peak probability distributions 
requires many years of record. However, assuming that rainfall during the study period 
represented the recent general rainfall in the area, the results of Equation 38 could be 
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used for short-term estimation of storm runoff based on recent catchment conditions. 
During the study period, average rainfall at the beginning of the rainy season was 5.10 
mm/day; while on the mountain area average daily rainfall was 6.04 mm/day; these were 
below normal rainfall. Lampung Meteorological Bureau recorded that normal rainfall 
(average of rainfall data in 30 years) in Sumber Jaya (West Lampung) is 6.67 - 9.17 
mm/day. Also, because storm discharge in the study catchments largely originated from 
subsurface flow, average discharge rates are better parameters to be used in the analysis 
than peak discharge. 
 
Water discharge from the large catchment WB during 2005 was normally distributed with 
an average flow of 0.561 m3/s and standard deviation 0.0648 (Figure 4.2). Therefore, if 
discharge from other catchments inside Sumber Jaya exists with similar distributions, 
then discharge from larger catchments could be predicted based on catchment size ratios 
(Equation 38). However, no experiments have been conducted to measure discharge from 





























Another hydrology parameter that is related to catchment size is the time constant.  
Events arranged in the order from smallest to largest time constants for each catchment 
are shown in Figure 4.3. In catchments 1 through 5, the time constants amongst 
catchments did not increase significantly with catchment area (Figure 4.3.a). When 
catchment WB was included in this analysis, it had a much higher time constant 


























































Figure 4.3  Time constant for all catchments during all storm events: (a) without 
including catchment WB, and (b) with catchment WB 
 
 
Boyd (1978) found that time constants were related to catchment area (AD) as  
T* =2.51 AD0.38 where T* is the time constant in hours and AD is in km2, and 0.388 km2 < 
AD < 251 km2. Applying this equation to the WB catchment (0.677 km2) yielded a time 
constant (T*) of 130 min compared to the average value obtained from observations of 
220 min. In this study, the average time constant is related to catchment size as T* = 
21.687 e 0.0323 AD (Figure 4.4). Even though the time constant is strongly related to 
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catchment area, the relationship varies from region to region, likely mainly because of 





































IV.5  Results from Previous Study 
 
IV.5.1  Rainfall distribution 
 
Some rainfall and streamflow gages were installed during the construction of the power 
plant. Temporary rain gages were set in some of the ICRAF research plots. The length of 
data collection and distances of the gages from the catchment center are presented in 
Table 4.19. 
 
Table 4.19  Locations, length of data records and distances of rainfall gages from the 
center of the Sumber Jaya watershed 
 
 
Locations and elevation 
(m above sea level) 
Length of data records Distribution from 
catchment center (km) 
A. At the fringe and 
center of the watershed 
Monthly  
1.  Air Hitam (805) 1974 - 1988 0 
2.  Fajar Bulan (810) 1974 - 1988 3.5 
3. Bungin (820) 1974 - 1988 7.4 
4. Rawa Bebek (812) 1974 - 1988 8.1 
5. Sumber Jaya (720) 1973 - 1989 11.6 
6. Pinau Jaya (825) 1973 - 1989 11.6 
7.  Sekincau (1000) 1973 - 1989 13.95 
B. At ICRAF research 
plots northern parts of 
the watershed 
Daily  
1.  Simpang sari 1984 - 2002 0 
2.  Laksana 2002 2 
3.  Tepus 2002 3 
4.  Bodong 1996 - 1998 8 
 2001 - 2002  
C.  Stream gages Monthly  
1.  Suka Jaya (760) 1983 - 1988 3.9 
2.  Petai (720) 1974 - 1989 11.63 
3.  Sukapura (710) 1974 - 1989 13.9 




The mean standard deviation and coefficient of skewness of Sumber Jaya rainfall data are 
summarized in Table 4.20 for various areas and periods of record.  The results show that 
mean values of monthly rainfall from stations around Air Hitam did not differ 
significantly from the central station based on a t-test (α = 0.05).  However, all but one 
station (Bungin) had significant differences in variances compared to Air Hitam based on 
a chi-squared test (α = 0.05).  Similarly, daily rainfall means from Laksana, Tepus and 
Bodong did not differ significantly from Simpang Sari but variances were significantly 
different. The positive coefficient of skewness for all data indicated that data are skewed 
to the right. 
 
Changing patterns in rainfall can be shown by a shift of the frequency distribution rather 
than just in mean values. The most widely used and important probability distribution is 
the Gaussian or normal distribution. When skewness coefficients for the monthly data 
were near zero, the probability distributions of the monthly data were approximately 









Table 4.20  Central tendency, dispersions and symmetry of Sumber Jaya rainfall 








Monthly     
1.  Air Hitam 2691.1 234.3 115.7 0.64 
2.  Fajar Bulan 2556.8 213.1 119.9 0.50 
3.  Bungin 2479.8 206.7   91.6 0.28 
4.  Rawa Bebek 2360.3 209.8 116.9 0.51 
5.  Sumber Jaya 2423 215.4 133.4 0.09 
6.  Pinau Jaya 2768 261.4 158.6 0.41 
7.  Sekincau 2239.3 199.1 118.8 0.36 
Daily     
1.  Inside Bodong 3156 25.7 0.71 1.48 
2.  Bodong 2012.7 26.3 18.1 1.08 
3.  Tepus 2530.6 19.9 20.8 2.55 
4.  Laksana 2670.5 17.7 18.2 2.11 
5.  Simpang Sari 2389.9 14.3 14.5 2.38 
     
Simpang Sari     
1984 - 1989 12896.1 14.7 16.5 2.23 
1990 - 1994 13675.9 12.9 14 1.80 
1995 - 1995 13089.2 13.5 14.2 2.17 
2000 - 2002 7460.8 14 14.5 1.63 
1996 - 1998     
Bodong 3976.6 14.1 15.1 1.82 





















































                        
                            (a)                                                                (b) 
 
 
Figure 4.5  Comparison of probability distribution of monthly rainfall data from 




High skew coefficients (> 1.0) for daily rainfall indicated that these data like most 
hydrological variables, followed exponential distributions such as a Gamma distribution 
(sum of n exponentially distributed random variables). 
 
Based on correlation coefficients between calculated and predicted probabilities, Tepus 
and Simpang Sari were fit to a Gamma distribution while Bodong and Laksana better fit 
an exponential distribution. These results (also presented in Figure 4.6.) showed that for 








Table 4.21  Distribution parameters and correlation coefficient of calculated and 
predicted daily rainfall data.   
 
 
















































































































Figure 4.6  Cmparison of probability distribution of daily rainfall data from 
research plots in Sumber Jaya Watershed: (a) calculated and (b) based 





The possibility of changing rainfall patterns with time can be analyzed through two 
locations that have longer daily data, Simpang Sari and Bodong (lower part of Table 4.20 
and 4.21). For Simpang Sari, both the means and variances of other year’s periods were 
not significantly different from the period of 1984-1989. 
 
For the probability distribution, all periods were fit to a Gamma distribution, although the 
period of 2000-2002 better fit an exponential distribution (Figure 4.7). Bodong area, 
however, showed a significant difference from the period of 1996-1998 to 2001-2002, 
both for means and distribution parameters (Figure 4.8). It seems consistent that Simpang 
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Figure 4.7 Comparison of probability distribution of daily rainfall data in Simpang 
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Figure 4.8 Comparison of probability distribution of daily rainfall data in Bodong 
Jaya for different period of years: (a) calculated and (b) based on the 
Gamma and exponential distributions. 
 
 
Spatial distribution of rainfall can also be investigated from correlations between 
distances and rain catch. Matrices in Table 4.22. showed that except for Pina Jaya (which 
had low correlations regardless of distance) all stations with distances < 10 km from each 
other had correlation coefficients >0.7; the highest coefficient was 0.88 for stations 
separated by a distance of 3.5 km. For daily data, distances clearly affect correlation 
coefficients. Gauges 1 km apart were highly correlated (≥ 0.83); this decreased to 0.22 -









Table 4.22  Distances between stations (km) and coefficient correlations between 
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IV.5.2  Rainfall – water discharge correlation 
 
Cross correlations of daily rainfall and streamflow discharge from 1975 to 1997 are 
shown in Table 4.23 for three stations inside Sumber Jaya watershed; cross correlations 
between monthly rainfall and stream discharge are shown in Table 4.24. Daily 
correlations were low (0.12 – 0.53) and monthly river discharges did not significantly 
showed correlations with monthly rainfall from different locations of gauges. Table 4.25 
shows that except for Pina Jaya, which always had low coefficients, the correlation 
coefficients were just between 0.5 – 0.7. 
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Table 4.23  Cross correlation of daily rainfall and stream discharge for stations 
inside Sumber Jaya watershed.(1975 – 1999) 
 
Stations Year 
S Jaya A Hitam F Bulan 
1975 0.287006 0.295912 0.2  
1976 0.397558 0.180244 0.28  
1977 0.357186 0.194947 0.225194 
1978 0.275477 0.238601 0.332419 
1980 0.297315 0.170568 0.331184 
1981 0.250708 0.316785 0.243719 
1983 0.436454 0.258766 0.125335 
1984 0.534366 0.122523 0.197213 
1985 0.378748 0.181491 0.319797 
1986 0.357713 0.198507 0.243109 
1987 0.344401 0.228423 0.188848 
1988 0.324595 0.174259 0.249397 
1990 0.371125 0.378621 0.286699 
1991 0.418838 0.178891 0.198468 
1992 0.471746 0.30956 0.300404 
1993 0.161773 0.327517 0.347704 
1994 0.308014 0.351712 0.420082 
1996 0.47788 0.220525 0.2315 
1997 0.31889 0.134144 0.217875 
1998 0.29194 0.130856 0.340712 
1999 0.189614 0.118956 0.176394 
 
 
Table 4.24  Coefficient correlation between monthly rainfall and river discharge 





















































For small catchments the low correlations between rainfall and stream discharge are 
probably caused by time lag between rain and the inception of runoff. For the larger 
watershed, low correlations of rainfall and water discharge could be caused by different 
characteristics of rainfall and the stream discharge time series.  However, daily and 
monthly data could not explain the source of the low correlation because daily and 
monthly data could not capture the true dynamics of the runoff processes. 
 
A dimensionless measure of linear dependence of a time series is obtained by calculating 
the lag autocorrelation (rk). The plot of rk versus k (time lag) is generally called the 
correlogram. The independence means that the outcome of, for example precipitation, at 
one time does not depend on precipitation of a previous time. 
 
The correlograms of daily rainfall in Sumber Jaya with straight lines showing the 95 % 
probability limits for 5-yr periods starting in 1975 are shown in Figure 4.9.  While the 
correlograms of daily water discharge of Way Besai River with the probability limit lines 
are shown in Figure 4.10. 











































Figure 4.9  Correlograms of 5-yr period of daily precipitation series starting in 1975 
and continuing through 1994 at Sumber Jaya. Straight lines showed the 
upper and lower probability limits at the 95 % level. 
 
 
The correlograms show that the autocorrelations (r) fluctuate around zero and inside the 
probability limits; this means that the daily rainfall series can be considered as an  
independent or random series. Rain during the period from 1975 to 1979 showed no 
periodic pattern; a more clear pattern exists in the periods from 1983 to 1987 and from 
1990 to 1994. Earlier Sumber Jaya appeared to be an area in which rain occurred in all 
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seasons with no clear distinction between dry and wet seasons. However, it seems that 
from 1990 to 1994 the distinction between wet and dry seasons is more noticeable. 
 
The correlograms of daily discharge series of the Way Besai River show that the 
autocorrelations (r) is high and outside the probability limit lines. This means that daily 
water discharge series were dependent series – a today discharge depends on discharge of 
previous days.  The correlograms also showed periodic pattern of discharges.  This 
finding was consistent for annual records with >20 yr of data for every 5 yr period.  
Approximately random rainfall and periodic river discharge from the time series analyses 
imply that at the large scale up until 1994, land cover functions as a buffer for infiltrated 
rainfall and more water was discharged to the river as subsurface flow rather than surface 
runoff. 
 
Correlogram Way Besai 1975-1979















Correlogram Way Besai 1983 - 1987














Correlogram Way Besai 1990 - 1994















Figure 4.10 Correlograms of 5-yr period of water discharge series from the Way 
Besai River at Sumber Jaya starting in 1975 and continuing through 
1994.  Straight lines showed the upper and lower probability limits at the 
95 % level 
 
The analysis of rainfall distribution and river discharge at the large scale based on 
previous investigations (1970s to 1990s) showed that there were both temporal and 
spatial distributions associated with rainfall in Sumber Jaya. Rainfall was not 
significantly correlated with river discharge; correlation coefficients were only 0.5 – 0.7 
.for monthly data and 0.12 – 0.53 for daily data. Rainfall exhibited a random 
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(independent) series while river discharge exhibited a periodic (dependent) series 
indicating that soil land cover functions as buffer and discharges more water to the river 
as subsurface flow rather than surface runoff. 
 
The investigation on the nested catchments in 2005 showed that temporal and spatial 
distributions of rainfall exist in smaller catchments as well. Average daily rainfall on days 
with storms varied between 20.8 mm/day in and 28.1 mm/day compared to 14 mm/day to 
25 mm/day in previous investigations (1970s to 1990s). Rainfall-runoff correlations were 
similar for all catchments (r = 0.5 – 0.7) only after series of rain events need to 
homogenously wet the soils. Storage analysis showed that slow flow is the dominant 
component of water discharge and most of the slow flow was stored and only 2-6% 
contributed to the hydrograph peak. The remaining contribution to the hydrograph peaks 
consisted of quick flow.   
 
The comparison of a previous study conducted at a large scale in this area with long 
period of daily and monthly rainfall and stream discharge data with the more intense data 
collected herein (i.e., 10 min rainfall intensity for the dry season and beginning of the 
rainy season) resulted in the general conclusion that land cover in Sumber Jaya is still 
able to hold the water input to the catchments and discharge it as subsurface flow rather 







During the study period (July – December 2005) rains in Sumber Jaya varied both 
temporally and spatially. In the research catchment area (70 ha) at the lower part of 
Sumber Jaya catchment), only in five out of 24 rain events during the 6 month research 
period in 2005 (19 July,  22 August, 25 September, 26 October  and 18 November) was 
rainfall in one catchment highly correlated (r> 0.7) to all other catchments. On average, 
rain in one catchment had higher coefficient correlations (r = 0.7- 0.8) with other 
catchments within < 500 m. The longest time lag between rainfall in one catchment and 
rain in other catchments was 32 min and time lags when rain fell homogenously were 
only < 6 min. 
 
Rain in the research catchment area generally fell suddenly over a relatively short period 
(12 to 150 min) in the afternoon or late afternoon (13:00 to 17:00), and often spread in 
patches. These characteristics indicate that rainfall was mostly convective rain. 
Convective rain developed because of local surface heating. 
 
In the upper part of Sumber Jaya (area around mountain peaks) storms lasted from 150 -
540 min, preceded and followed by light rain. Nearly no similarity in temporal 
distribution appeared among the stations; in general the correlation coefficients between 
catchments were only ≈ 0.5. Only stations within distances of < 2 km were consistently 
more highly correlated (r >0.8), although even up to ≈ 17 km there still existed some 
correlation (r ≈ 0.5).  It can be concluded that rainfall distributions inside Sumber Jaya 
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catchment in 2005 did not homogenously cover the entire area. The rains were orographic 
rain – i. e., air masses moving horizontally were forced to lift because of topographic 
barriers, thus causing an uplift of moisture which yielded local rain around the mountain 
peaks. 
 
Over the lower part of the Sumber Jaya catchments; all rain events were formed from 
cloud clusters. Small clusters of clouds spread over the catchments, then united to form 
cloud groups, growing larger and eventually forming one large cluster that dominated the 
area for a short time and then reverted to small clusters again. Only occasionally did 
rainfall in this area originate from one large cloud cluster and continually dominate the 
area (23 October and 3 November). This supports the previous explanation that rainfall 
was convective and developed from surface heating. The spread of the clouds could also 
reflect the uneven heating on catchment surfaces. Larger cloud clusters mostly developed 
over catchments WB, 4 and 5. Hence, higher rainfall originated in the lower part (outlet) 
of the research catchment and sometimes in the middle portion, but rarely from the upper 
part (catchment 1).   
 
For the entire Sumber Jaya catchment area, most of the rains originated from the Subhan 
Mountain area (West, 1623 m asl) where rainfall was highest. The other moisture sources 
were Mount Benatan (North, 1688m asl) and Bukit Rigis (Central, 1395 m asl). 
Considering the geographic position of the Sumber Jaya region, Mount Subhan is the 
highest elevation which faces the open ocean to the west of Lampung Province, behind 
Subhan is Benatan. 
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Heterogeneous rain on the research catchments indicated that all rain events during this 
study were local storms.  The regional rainy season (West Indonesia including Sumatra, 
Jawa and Kalimantan) generally commences by the end of December. Rain sources 
during regional rainy season come from the Indonesian Ocean and do not just originate 
from local surface heating; therefore, they cover the entire catchment homogenously. 
 
 The heterogeneous nature of the rainfall is also reflected in the lower daily rainfall that 
occurred in the lower part of Sumber Jaya catchment compared to the surrounding 
mountainous area. Maximum daily rainfall in the research area was 42 mm/day during 
the dry season and 61.2 mm/day at the beginning of the rainy season, with an average for 
the study period was of 5.10 mm/day. In the surrounding mountain area, daily rainfall 
was 101.4 mm/day during the dry season and 113.6 mm/day during the rainy season with 
average during the study period was 6.0 mm/day. 
 
Previous study (1984 – 2002) of rainfall distribution showed that average daily rainfall 
froum lower part of Sumber Jaya was 26.3 mm/day.  The possibility of changing pattern 
with location and time were analysed with probability distribution function.  The result 
consistently showed that Simpang Sari and Bodong (8 Km away) had different rainfall 
pattern.  From cross correlations among rain gagaes concluded that all stations with 
distances < 10 km from each other has coefficient correlation >0.7, the highest coefficient 
was 0.88 for stations with distance of 3.5 km.  For daily data, distances clearly affected 
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the correlation coefficients.  Gauges in 1 km apart were highly correlated (≥ 0.83), 
dropped to 0.22 -0.50 in 5 km apart and was 0.13 in 8 km apart. 
 
In general until 2002 daily rainfall in Sumber Jaya distributed following exponential 
distribution which means that low rainfall has higher probability compared to heavy 
rainfall and rains did not fell homogenously over the whole catchments area.  Daily rain 
in the beginning of rain season of 2005 was higher than average daily rain in 1984 – 
2002; however no evidence of flood or land slides.  Therefore, from the analysis of 
rainfall distribution it can be concluded that rainfall should not consider as the only factor 
to the environmental problems in this area such as flood and land slides.  Most of the rain 
that fell from July to December 2005 occurred because of local heating. Such convective 
storms typically have high intensity but only short duration. Convective storms also 
spread in patches so they do not inundate the entire catchment area at the same time. 
Significant flooding rarely occurs during such convective storms because storm runoff 
did not occur in response to rainfall inputs until several storms occurred in sequence. 
However, landslides associated with discharge points along roads and paths may occur 
during high-intensity, short duration storms at the beginning of rainy season (Sidle et al., 
2006). 
 
The rainy seasons in general start around mid-October in Southern Indonesia and later 
progress to the northern area. In Sumatra, rain first falls along the western coast of the 
island. Next to the coastline is the Bukit Barisan mountain chain. The Sumber Jaya 
watershed lies on the leeward of these mountains with some mountains surrounding the 
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watershed. To the west is Mount Subhanalah and Mount Sekincau, to the north is Mount 
Benatan, to the east is Mount Tangkit Tebak and Mount Tebu, to the south is Mount 
Terang, and in the central region is Bukit Rigis. These high elevations covered with 
natural forests are the moisture source for rainfall in the Sumber Jaya catchments. 
Because these catchments have different sources of moisture, rainfall did not occur at the 
same time in all areas.  
 
During the dry season, isolated rainfall were occurred on 11 and 19 July, 2 and 22August.  
Runoff from some events was fairly well correlated with rainfall, while for other events 
such correlations were very poor. These relations during the 11 July event were low (-
0.051 in WB to 0.573 in catchment 1), but the next two events had progressively higher 
correlations. For the July 19th storm, correlations ranged from 0.46 in catchment 2 to 0.65 
in catchment 4, and for the 2 August event correlations ranged from 0.14 in catchment 
WB to 0.82 in catchment 1. In the dry season, storm runoff did not occur in response to 
rainfall inputs until several storms occurred in sequence. Rainfall-runoff correlations 
declined again (0.10 to 0.59) during the 22 August event related to low rainfall (0.6 – 0.9 
mm/min). The agroforestry and forest catchments always had low correlations between 
rainfall and runoff related to the land cover in these catchments. Low correlations (r ≈ 
0.1) also were noted in the Way Besai catchments because this larger area (70 ha) had 
various land cover conditions including paddy fields which affected the relation between 
rainfall and runoff and buffered peak flows. Time lags between rainfall and runoff during 
the dry season varied between 2 min to 1 h.  
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A series of rain storms occurred from the middle to the end of October: 18, 22, 23, 25 and 
26 October with average rain intensity ranging from 0.12 – 1.14 mm/min, indicating that 
dry season was over. Rainfall-runoff correlations for this series of storms was similar for 
catchments 2 to 5 (r = 0.5 – 0.7); while time lags were longer for the larger catchments 
(14 – 22 min). Because of this series of rain events, the catchments were homogenously 
wet and as previous results showed, all catchments responded similarly to rainfall and 
time lags largely reflected catchment size. Even the rainfall-runoff correlation for 
catchment WB increased slightly (r = 0.12), although the lag time remained at 1 h.  
 
Time lags between rain and runoff varied between 2 min to 1 h. Low correlation 
coefficients and long time lags between rainfall and runoff indicated that for this area 
systematic rainfall-runoff relationships could only be observed up to the spatial extent of 
catchment 5 (about 27 ha). In general, when catchments were homogenously wet after 
several rain events, discharge was highly correlated to rainfall since soil moisture 
conditions did not impede or continue to buffer runoff to the stream; slight differences in 
correlation coefficients and time lags were mostly attributable to catchment size. As a 
result, rainfall and runoff correlations and time lags depend on antecedent moisture in 
catchments. 
 
Cross correlations  of daily rainfall and water discharge from three stations inside Sumber 
Jaya watershed on the period of 1975 – 1997 were low (0.12 – 0.53) and monthly river 
discharges did not significantly showed correlations with monthly rainfall from different 
locations of gauges, the correlation coefficients were just between 0.5 – 0.7. These low 
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correlations showed that rainfall time series had different character from that of water 
discharge.  The correlograms showed that on the period of 1975 until 1994 rainfall series 
were independent while the water discharge series were highly dependent and exhibit 
some periodic pattern. In large scale, Sumber Jaya land cover until 1994 is functioned as 
a buffer and discharge the water as subsurface flows rather than quick runoff. 
 
In small scale at dry and beginning of rain season of 2005, the shape of storm 
hydrographs, quantified by temporal analysis and response factors, varied to the extent 
that almost no general conclusions could be drawn. Besides being affected by rainfall 
intensity and distribution, hydrograph shape was significantly affected by land surface 
condition, such as slope and vegetation cover, but not so much by catchment size. From 
the smallest catchment (catchment 1; 2.84 ha) up to the size of catchment 4 (20.5 ha), the 
temporal response of storm hydrographs was not significantly related to catchment size. 
Neither of these temporal response indicators showed any consistent relationship with 
catchment area: (1) duration from the onset of rainfall to the initial rise in water 
discharge; and (2) duration from the rainfall peak to the discharge peak. However, the 
duration of direct storm runoff was longer as catchment size increased. Land cover had 
more influence on some aspects of the temporal storm hydrograph response, such as the 
duration from the onset of rainfall to the initial rise in water discharge as frequently seen 
in catchment 4, which consistently had the lowest response factor even though the area 
was the largest compared to catchment 1, 2 and 3.  Starting with catchment 5 (27.22 ha), 
and especially for catchment WB (67.68 ha), temporal hydrograph analysis consistently 
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showed that catchment area was directly related to the duration of storm discharge and 
the duration from the rainfall peak to the discharge peak. 
 
Based on the IHACRES model simulations, in general lag times between rainfall and 
runoff were between 4 to 20 min in catchments 1 to 5 and 1 h for WB catchment; there 
was no relationship between time lag and catchment size for catchment area smaller than 
27 ha.. When catchments were treated as lumped units, the relative proportion of 
discharge volume routed as quick flow ranged from 0.2 to 0.4 for catchments 1 to 4 and 
was even smaller for catchments 5 and WB (0.02 to 0.07); conversely, > 0.6 of the 
discharge volume was delivered to the streams via slow flow pathways. However, only 
0.02 – 0.06 of the storm discharge volume in catchments 1 to 5 and only 0.003 in 
catchment WB was attributed to slow flow at the hydrograph peak; more than 0.9 of this 
slow flow was stored in the catchments. In other words, hydrograph peaks consisted 
mostly of quick flow. 
 
When the catchments were treated as nested catchments 0.5 to 0.7 of total stormflow 
volume discharged as slow flow in catchments 1-5 and in catchment WB 0.998; hence 
0.3 to 0.5 of the total stormflow volume originated from quick flow in catchments up to 
27.2 ha, but in the larger WB catchment only 0.02 of the stormflow could be attributed to 
quick flow. Similar to the previous findings, slow flow contributed only a small portion 
to the hydrograph peak; 0.025 – 0.091 in the 2 August event and only 0.001 to 0.005 in 
the 7 December event; most of the water inputs (>0.8) were stored. 
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In general it can be concluded that most of the stormflow from these catchments 
consisted of slow flow. A maximum of about 50% of the effective rainfall became quick 
flow, and in the largest and flat catchment (WB) this maximum was only 2%.  Only 1 to 
10% of remaining effective rainfall which was routed as slow flow contributed to 
hydrograph peaks; the rest was stored. These conditions were similar for all catchments 
except WB. In WB only a small portion of rainfall was translated into storm runoff in the 
main stream; this finding was consistent with results from the linear spatially distributed 
model. The results from this model showed that storage constants for all catchments 
varied little (0.0011 – 0.005) in both the 2 August and 7 December events. 
 
Based on the average of hydrograph shape from the seven storms, all catchments had 
similar discharge peak rate (m3/s); between 0.0729 – 0.1116 ln (t)). Water stage increased 
slowly in the streams of the study catchments during storms. This finding was supported 
the previous unit hydrograph analysis showing that most of the water was stored within 
catchments rather than directly routed to streams during storms. 
 
Catchment WB had the slowest discharge recession rate (0.0021t); catchments 1, 2 and 
AF had similar discharge recession rates (-0.0054t, -0.0056t and -0.0058t, respectively), 
and catchments 3, 4, and 5 had higher and similar rates (-0.0083t, -0.008t and -0.0071t, 
respectively). Comparing peak responses and recession rates, stormflow discharge 
generally increased more slowly on the rising limb of the hydrograph and decreased more 
rapidly on the falling limb. This response pattern indicates that the soils in these 
catchments were able to hold and store rain water. When the rain started, water initially 
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infiltrated into the soil before flowing to the streams; when the rain stopped, the 
discharge also quickly declined. 
 
Time constants are widely used to characterize catchment response. The results of this 
study showed that on average the most rapid hydrograph response occurred in the 
smallest catchment (23 min in catchment 1; 2.8 ha, compared to 44 min in catchment 5; 
27.2 ha and 220 min in catchment WB; 67.7 ha). However these responses did not 
increase linearly. Catchments 2, 3 and 4 had similar response times (34, 37 and 37 min 
for catchment areas of 8.4, 12.4 and 20.5 ha, respectively). In contrast, total discharge 
based on these average hydrographs increase linearly with catchment size.   
 
However, comparing water discharge for different catchment sizes based on the flow 
records showed that catchment areas in the range from 2.8 ha to 20.5 ha (catchments 1 to 
4) did not experience significant increases in total storm discharge. Discharge 
significantly increased when catchment area reached 27.2 ha (catchment 5) and 67.7 ha 
(catchment Way Besai).   
 
Based on all of these results (i.e., flow records, correlation of rainfall-runoff, time lags 
between rainfall and runoff, hydrograph temporal responses, portion of slow flow and 
quick flow and their contribution to peak flow, recession analyses, and time constants) 
and compared these results with  rainfall distribution and rainfall-water discharge 
correlation on the period of  1970s to 2000s;  it can be concluded that low rainfall in this 
area has higher probability then the heavy rainfall and rain did not fall homogenously. 
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Therefore, it is more likely that rainfall was not the only factor for triggering a natural 
disaster. For ordinary conditions, rain did not fall homogenously over the entire 
catchment area.  In the lower part of the catchment the intensity was moderate (42 
mm/day) during the dry season and (61.2 mm/day) at the beginning of the rainy season, 
while in the mountain area rain fall at higher intensity (101.4 mm/day) during the dry and 
rainy seasons (113.6 mm/day); these results were higher then average rainfall in the 
period of 1984 – 2002 (26.3 mm/day). Rain intensity might increase extensively 
following climatic cycles (i.e., every 5 years): for example in 2002 rain intensity during 
rain season was 150 mm/day.   
 
When rainfall occurs in this area at similar intensities that has been observed during this 
study period, no significant rise in discharge would be expected and most of the water 
would be routed to streams as slow flow. This implies that up to the recent condition 
(2005) the land surface and soils are able to retain most of the water from the rain. 
Landslides usually occurred only at discharge points from roads or path drainage or 
where cleared slopes of convergent plan form were exposed to continuous high intensity 
rainfall; however, no large landslides occurred in this immediate area during the study 
period. Data from the Meteorological Bureau indicates that maximum total monthly rain 
in West Lampung (the highest in Lampung) is 350 mm and occurs in January. Lampung 
Province has a greater possibility of experiencing drought than flooding. In this case, the 
forest is essential for capturing and retaining water during the rainy season and storing 
the water as shallow groundwater and soil water for the dry season. 
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When rainfall intensity has low probability to be the crucial factor for triggering a natural 
disaster and the recent land surface and soils are able to retain most of the water, the 
coffee based agroforestry option is acceptable to maintaining the watershed function 
while providing the local people the opportunity to utilize the forest for living. However, 
retention of the remaining natural forest (12% of the Sumberjaya catchment) is also 
important. Opening new areas for coffee should be prohibited since forests are still the 
best land cover for retaining water and also function as carbon stocks for mitigating 
global warming. The local government should work together with residents to protect the 
small amount of remaining forest from conversion to plantations.  
 
Watershed management in the Sumber Jaya catchment area was originally aimed at 
maintaining the function of a large hydropower plant. Important parameters for 
hydropower production are water quantity, sediment, and siltation. Adequate water 
quantity can improve production efficiency, lower production costs, and reduce prices for 
consumers. Inadequate water supply can cause inefficient power production and increase 
costs for producers and consumers. Water quantity for hydropower must also meet 
seasonal demands for production. If sedimentation is too high, turbines and other 
equipment may deteriorate more quickly. Measurement of benefits from improvements in 
salinity levels may be estimated by determining the increase in equipment lifespan and 
savings in replacement costs. In addition to water quantity, siltation of rivers and 
reservoirs also represents a significant cost and can severely cut the period of operation of 
the hydroelectric facility (Koteen, et al., 2002). 
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The best scenario for efficient production of hydropower is adequate water quantity 
throughout the year with low levels of sediment and siltation. Forest conversion, poor 
agricultural practices, and lack of vegetative cover in upper catchments can cause 
extreme fluctuations in water quantity and increase siltation and sedimentation, which in 
turn, adversely affect power production.   
 
However, watershed management in Sumberjaya should also consider the livelihoods of 
the local people. Therefore, many conservation efforts have been initiated in Sumber Jaya 
to manage the upper catchment areas; these efforts should be sustainable not only for the 
natural environment, but also for the local community in Sumberjaya. The land cover 
condition in Sumber Jaya together with the current conservation efforts will be described 
















Results from this study show that low intensity rainfall has higher probability then high 
intensity rainfall in Sumber Jaya.  During early and mid rain season Sumber Jaya also 
experiences heterogeneous, short, and convective rains. Storm discharge from small 
catchments (< 70 ha) is dominated by slow flow. These characteristics combined with 
some of the current conservation efforts in the Sumber Jaya area have been able to 
sustain the hydrological function of the watershed. However, a threshold condition for 
disturbance such as long high intensity rain  and opening the remain forest area could 
exist beyond which the watershed may not function well hydrologically unless more 
widespread conservation measures are applied in this area and it is doubtful that the 
community understands how to maintain this situation in the long-term.  
 
Managing Sumber Jaya catchment is important both for supporting the local community 
daily life and for Lampung Province through the hydrological power plant. Since the 
water resource areas (mountains with the forest) in Lampung Province include only about 
10% of the provincial area and no large residential areas are located near the main river, 
floods that inundate large areas are not perceived to be critical problems that caused by 
mismanagement of the catchment area. This study shows that only within small 
catchment areas (< 27 ha) was rainfall and surface runoff significantly correlated (> 
70%), indicating that flood and landslide disasters, which are directly caused by rainfall, 
tend to occur locally. The catchment area in which rain has direct effect on surface runoff 
might increase as the rain increase at the peak of rain season but other factors beside 
rainfall will affect surface runoff in larger catchments. Therefore, the management of 
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Sumber Jaya catchment should be based on the sustainability of the local community 
income resources, safety, maintenance of water inputs to streams and river, and 
prevention of siltation at the hydropower plant. 
 
Sustainability of the local community income resources will be achieved through 
applying sustainable agriculture activities, especially if coffee will be maintained as the 
main agriculture product in Sumber Jaya and finding other resources that support local 
income other from agriculture products. Protecting local areas from flood and landslide 
disasters can be achieved by planting deep-rooted trees and shrubs on open hillslopes, 
especially along the main road inside Sumber Jaya catchment. 
 
Practicing coffee-based agroforestry system is sufficient for sustaining the agriculture 
activities for the local community income and also for preventing floods and soil erosion.  
Although the number of coffee production might decrease compared to mono- coffee 
system because it should be planted with other shading trees, it should sustain for long 
time. Extensive agriculture activities should not be allowed in catchments that primarily 
function as a water resource, also it is necessary to cultivate alternative crops rather than 
coffee especially fruit trees that can be harvested without cutting the woods. Securing 
land tenure and allowing local communities to implement conservative agriculture 
activities while retaining forested areas through HKm (community based forest) schemes 
is also a method to provide sustainable income for local communities. However, 
agroforestry activities together with the HKm have only been applied around former and 
the remaining forest areas; there are many other open hillslopes in the lower part of the 
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catchment and near the main road. These areas should also be planted with trees; not for 
production purposes, but for protecting the area from soil erosion and landslides. Some 
crops like breadfruit (moraceae) is suitable for protecting slope area since it grows easily, 
have deep root, and spread canopies, resistance to shading and unfertile soil and also 
produce preferred fruit.  
 
Instead of cultivated cropland, or cutting trees in a sustainable manner and selling the 
wood, local communities could derive income and support live hood from forested areas 
by, growing perennial ornament plants, and growing herbal medicinal plants that are very 
popular in Indonesia recently. Local communities together with local governments could 
also generate income from sustainable ecotourism, from education or research activities 
fees that are conducted in the area, and from environment service payments from the 
hydropower company for maintaining the catchment area in a good condition to provide 
adequate water inputs and prevent siltation.  
 
These recommendations should be applied without delay because, in general, Sumber 
Jaya is becoming more like an unmanageable cropland area than its former condition as a 
forested area supported water resources. Therefore, the remaining forested area – 12% of 
the original forest area in 1970’s – should be carefully protected. Sumber Jaya is located 
at the South end of Bukit Barisan Selatan National Park (BBSNP) and compared to the 
BBSNP conservation area, the forest in Sumber Jaya area is restricted to the top of the 
hill. Without serious conservation efforts, Lampung will likely suffer from long and 
severe droughts and also shortages of electrical power. Also since Sumber Jaya is within 
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a sloping area, soil erosion and landslides are other problems. Landslides could be 
dangerous because the main road to the capital city of West Lampung and to other 
provinces in northern Sumatra pass through Sumber Jaya. 
 
It is impossible to increase forest area since natural forest is constructed in long time by 
nature.  It is also impossible to remove the settlers and villagers from the forested area. 
Therefore, in addition to the ongoing conservation efforts, it is necessary to continue to 
educate the local community on how to live in a sustainable manner around forested 
water resource area. Examples of sustainable lifestyle in water source area include: 
 
• There should be no open land surface in locations like Sumber Jaya, especially on 
steep hillslopes. Trees should be planted in open areas; deep-rooted trees that do 
not need special treatment or maintenance and only to cover soil surface and 
green the area are preferred. 
• There should be no extensive agriculture activities in this area. Local communities 
could still allow limited flat areas for planting crops; also crops that could live 
under shade trees that have deep root systems and are able to compete with other 
cover crops are desirable. Conservation techniques should be applied for the 
agriculture activities. 
• Other sources of income (besides agriculture) should be generated to support the 
local people and government; these include, research and education fees, 
ecotourism, cultural events, planting ornament plants and herb medicines. 
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• Population should be limited in this area. This area should be closed to temporary 
residents who come to plant coffee, hire local people to nurture the plantations, 
and then come back for the harvest. These transient people do not take part in the 
conservation efforts or any other community activities. 
 
With serious conservation efforts, Sumber Jaya catchment will be able to sustain its 
hydrological function for long term in the future and eventually the local community 
welfare could be achieved.  All conservation efforts should be continued in corporation 
with all stakeholders in this area including the local government, university, NGO and 
farmers organization. Besides socio-economic research, biophysical researches on 
monitoring and evaluating catchments conditions are also important to provide accurate 
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Figure A.2  Rainfall spatial distributions (mm in 10 min 

















































Figure A.3  Rainfall spatial distributions (mm in 10 min 























Figure A.4  Rainfall spatial distribution (mm in 10 min 






























































Figure A.5  Rainfall spatial distribution (mm in 10 min 





































































Figure A.6  Rainfall spatial distribution (mm in 10 min 




































































Figure A.7   Rainfall spatial distribution (mm in 10 min 




























































Figure A.8   Rainfall spatial distribution ( mm in 10 min 



















































































Figure A.9   Rainfall spatial distribution (mm in 10 min 














































Figure A.10  Rainfall spatial distribution (mm in 10 min 
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 Figure A.12  Time series of streams discharges for each 
catchment treated as lumped catchment 
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1 1283 2565 3847 5129 6411 7693 8975 10257

































1 1399 2797 4195 5593 6991 8389 9787 11185 12583





























1 1106 2211 3316 4421 5526 6631 7736 8841 9946 11051

































1 1279 2557 3835 5113 6391 7669 8947 10225 11503






























1 1541 3081 4621 6161 7701 9241 10781 12321
































1 911 1821 2731 3641 4551 5461 6371 7281 8191

































1 1069 2137 3205 4273 5341 6409 7477 8545 9613






























1 1177 2353 3529 4705 5881 7057 8233 9409 10585





















Figure A.13.  Time series of streams discharges for each 











































































































































































































































































































































Figure A.14  Water discharge predicted by IHACRES for 























































































1 15 29 43 57 71 85 99 113 127 141






































1 14 27 40 53 66 79 92 105 118 131


































1 21 41 61 81 101 121 141 161 181 201


































1 68 135 202 269 336 403 470 537 604 671


































1 16 31 46 61 76 91 106 121 136






































1 17 33 49 65 81 97 113 129 145 161


























Figure A.15  Water discharge predicted by IHACRES for 









1 15 29 43 57 71 85 99 113 127



































1 7 13 19 25 31 37 43 49 55 61 67 73














































































































































































































































1 254 507 760 1013 1266 1519 1772 2025























































































1 28 55 82 109 136 163 190 217 244 271


































1 25 49 73 97 121 145 169 193 217 241









































































1 243 485 727 969 1211 1453 1695 1937



























Figure A.16  Water discharge predicted by IHACRES for 7 
























































1 23 45 67 89 111 133 155 177





































1 21 41 61 81 101 121 141 161 181 201

































1 26 51 76 101 126 151 176 201 226 251



































1 254 507 760 1013 1266 1519 1772 2025




































1 45 89 133 177 221 265 309 353 397 441





































1 34 67 100 133 166 199 232 265 298 331


























Figure A.17  Water discharge predicted by IHACRES for the 7 









1 26 51 76 101 126 151 176 201 226










































































































































































































































































































Figure A.18  Water discharge rate estimated by linear 





































































































































































































































































































































Figure A.19  Unit Hydrograph of 1 mm rainfall for each 














































































































































































































































































































































































































































































































































































































Figure A.20  Peak response (a) and recession rate (b) of 
each catchment (from the unit hydrograph 











1 1001 2001 3001 4001




























1 2001 4001 6001 8001 10001 12001 14001






























1 2001 4001 6001 8001 10001 12001 14001



























1 2001 4001 6001 8001 10001 12001 14001
































1 2001 4001 6001 8001 10001 12001 14001 16001


















































Figure A.21  Comparison of water discharge series from all catchments for different 












































































































































































































Figure A.22  Total discharge increasing linearly with 
increasing catchment size 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
